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ABSTRACT
Airway hyperresponsiveness (AHR) is a hallmark of asthma where constriction of
airway smooth muscle (ASM) causes excessive airway narrowing. Asthmatics, unlike
healthy subjects, cannot prevent or reverse this narrowing by stretching their airways
with a deep inspiration (DI). Since stretching of isolated ASM causes dramatic re-
ductions in force generation and asthmatics tend to have stiffer airways, researchers
hypothesize that reduced ASM stretching during breathing and DIs results in hyper-
reactive airways. However, counterintuitively, excised measurement on intact airways
show narrowing is minimally reversed by pressure oscillations simulating breathing
and DIs. We hypothesized that AHR does not result from reduced capacity to stretch
the airways; furthermore, each constituent of the airway wall experiences different
strain magnitude during breathing and DIs.
To test this, we used an intact airway system which controls transmural pressure
(PTM) to simulate breathing while measuring luminal diameter in response to ASM
agonists. An ultrasound system and automated segmentation algorithm were im-
plemented to quantify and compare the ability of PTM fluctuations to reverse and
vi
prevent narrowing in larger (diameter=5.72±0.52mm) relative to smaller airways
(diameter=2.92±0.29mm). We found the ability of PTM oscillations to reverse airway
narrowing was proportional to strain imposed to the airway wall. Further, tidal-
like breathing PTM oscillations (5-15cmH2O) after constriction imposed 196% more
strain in smaller compared to larger airways (14.6% vs. 5.58%), resulting in 76%
greater reversal of narrowing (41.2% vs. 23.4%). However, PTM oscillations applied
before and during constriction resulted in the same steady-state diameter as when
PTM oscillations were only applied after constriction.
To better understand these results, we optimized an ultrasound elastography tech-
nique utilizing finite element-based image registration to estimate spatial distributions
of displacements, strains, and material properties throughout an airway wall during
breathing and bronchoconstriction. This required we formulate and solve an inverse
elasticity problem to reconstruct the distribution of nonlinear material properties.
Strains and material properties were radially and longitudinally heterogeneous, and
patterns and magnitudes changed significantly after induced narrowing. Taken to-
gether, these data show AHR likely does not emerge due to reduced straining of
airways prior to challenge, but remodeling that stiffens airway walls might serve to
sustain constriction during an asthmatic-like attack.
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1Chapter 1
Hypotheses and Specific Aims
Why do asthmatic airways narrow more than healthy airways? Since the airways
embedded within the lungs are stretched with every breath, a major focus in trying
to answer this question has been exploring the dynamic mechanical environment of
the lung and the differential roles the forces of breathing play in modulating airway
narrowing in healthy and asthmatic subjects. The initial impetus for this research
started with the observation that deep inspirations (DIs) in healthy subjects are far
more effective at dilating constricted airways (bronchodilation) (Brusasco et al., 1999;
Nadel and Tierney, 1961; Salerno et al., 2005) than they are in asthmatics (Brown
et al., 2001; Fish et al., 1981; Jensen et al., 2001; Kapsali et al., 2000). Furthermore,
DIs can protect against future constriction (bronchoprotection) (Kapsali et al., 2000;
Malmberg et al., 1993; Scichilone et al., 2000; Scichilone et al., 2001a) in healthy
but not asthmatic subjects (Kapsali et al., 2000) and prohibition of DIs results in
amplified reactivity in healthy subjects (Skloot et al., 1995). To better understand
the mechanisms of these phenomena, researchers examined the role of periodically
stretching isolated strips of tracheal airway smooth muscle (ASM) and found that
ASM force can be significantly attenuated simply by straining the muscle by an
amount expected to occur during breathing fluctuations in vivo (Fredberg et al.,
1997; Gunst, 1983; Wang et al., 2000). Taken together, these observations led to the
2attractive hypothesis that airway hyperreactivity in asthma emerges from conditions
that limit stretching of the ASM during breathing, resulting in chronically stiffer and
more contractile airways (Fredberg et al., 1996; Fredberg, 2000; Fredberg, 1998).
However, a large structural and mechanistic disparity in scale exists between iso-
lated ASM strips and the intact lung. To bridge this gap, recent experiments have
been performed on intact isolated airway segments in systems which can measure
airway diameter while precisely controlling transmural pressures (PTM) to mimic
breathing. Surprisingly, physiological PTM breathing patterns which including oc-
casional DIs have shown little capacity to reverse induced narrowing of intact airways
(LaPrad et al., 2010; Noble et al., 2011; Noble et al., 2013; LaPrad et al., 2008; No-
ble et al., 2007). Therefore, a major goal of this dissertation was to understand the
discrepancy between experiments performed at different length scales of the lungs in
order to gain a better understanding of the role that breathing PTM fluctuations play
in determining airway narrowing in health and disease. Specifically, two hypotheses
were tested through four specific aims:
HYPOTHESIS 1: Excessive bronchoconstriction does not result from
a reduce capacity to stretch an airway during breathing and deep inspira-
tions.
Aim 1 (chapter 3) To quantify the bronchodilatory and bronchoprotective ef-
fects of dynamic transmural pressure fluctuations simulating breathing on larger intact
airway segments.
In this Aim, an ultrasound system is utilized to monitor the luminal radius and wall
thickness of intact bovine airways while applying transmural pressure (PTM) fluctu-
ations simulating breathing. In particular, the following are tested: 1.) the bron-
chodilatory effect of increasing large PTM oscillations applied from functional residual
capacity on the luminal radius of a constricted intact airway and 2.) the bronchopro-
3tective effect of large PTM oscillations applied before activation on subsequent airway
reactivity. It is conjectured that only supraphysiological PTM oscillations will result in
significant bronchodilation and that oscillations applied prior to activation will have
a modest protective effect to reduce future airway narrowing.
Aim 2 (chapter 4) To compare the ability of breathing-like dynamic transmural
pressure fluctuations to reverse and prevent narrowing in smaller, more compliant
airways segments.
In Aim 1, the ability of breathing-like Ptm oscillations to modulate airway narrowing
is tested in larger airways with luminal diameters greater than 5 mm. However, the
majority of airway constriction in asthma likely occurs in smaller airways (< 3 mm
diameter) (Tgavalekos et al., 2005), which are generally more compliant (Lambert
et al., 1982; Sera et al., 2004). In this Aim, an upgraded ultrasound system and
segmentation algorithm are implemented to test if the same sized PTM oscillations
impose a larger strain per cycle to the airway wall, and, in turn, have a greater
bronchodilatory and bronchoprotective effect compared to larger airways.
In Aims 1 and 2, the effects of PTM oscillations on the mean luminal diameter
in larger and smaller airways, respectively, are explored. To gain a more detailed
understanding of our results, the spatial distribution of displacements and mechan-
ical properties were estimated in Aims 3 and 4, respectively, to test the following
hypothesis:
HYPOTHESIS 2: Different constituents of an airway wall have differ-
ent nonlinear mechanical properties which leads to the each component
experiencing different magnitudes of strain during transmural pressure
fluctuations that mimic breathing and deep inspirations.
Aim 3 (chapter 5) To optimize a finite element based image registration tech-
nique to measure the spatial distributions of displacements and strains throughout an
4airway wall during breathing and bronchoconstriction.
The airway wall is made of several different components which together create a
nonlinear, heterogeneous, thick-walled cylinder. PTM fluctuations during breathing
strain the airway wall, but the amplitude and spatial variation throughout the wall is
unknown. Of particular interest is the amplitude of strain the ASM layer experiences
in situ. In this Aim, an ultrasound elastography technique utilizing finite element-
based image registration is optimized to measure deformation fields during airway
inflation and induced narrowing.
Aim 4 (chapter 6) To formulate and solve an inverse elasticity problem to infer
the spatial distribution of nonlinear mechanical properties throughout an airway wall.
The displacement and strain fields measured in Aim 3 give insight into the mechanical
properties of the airway wall. In this Aim, these data are used as an input to an
inverse elasticity problem in order to quantify the distribution of nonlinear mechanical
properties of the relaxed and constricted airway wall. Histological techniques are
utilized to gain insight into how individual different airway components contribute
to the distribution of mechanical properties and strains. It is hypothesized that the
mechanical properties of the airway wall vary spatially in the radial and longitudinal
directions, resulting in strains and stresses of the ASM that cannot be predicted by
modeling the airway as a homogeneous thick-walled cylinder.
The scope of this dissertation is to better understand how the mechanical prop-
erties of the airways and dynamics forces of the lung can produce a hyperresponsive
airway system. This project hopes to explore and resolve the discrepancy between
different length scales of the lung regarding the role dynamics plays in altering lung
function in health and disease. This research also provides a powerful tool for the
community to quantify the mechanical properties of an intact airways and how they
affect airway reactivity.
5Chapter 2
Introduction
2.1 Asthma and Airway Hyperresponsiveness
Nearly 25 million people in the United States (Akinbami et al., 2011) and over 300
million worldwide (To et al., 2012) are affected by asthma and the prevalence contin-
ues to increase each year. Asthma is a chronic disease of the airways characterized
by persistent airway inflammation, airway remodeling including increases in airway
smooth muscle (ASM), and airway hyperresponsiveness (AHR). Of these factors, it
is excessive constriction of the ASM and the inability to reverse this constriction that
makes asthma dangerous. Asthmatic airways narrow too easily (hypersensitivity) as
well as too much (hyperreactivity) which can be assessed in humans as a dose-response
curve to a given agonist (Woolcock et al., 1984). While healthy subjects exhibit a
constriction plateau at higher doses of agonist, in asthmatics this plateau is elevated
or abolished and airways are capable of complete closure (Woolcock et al., 1984).
What causes AHR in asthmatic individuals? It is increasingly apparent that there
is no single cause and more likely that several mechanisms can conspire resulting in
AHR (Berend et al., 2008). Nevertheless, ASM spirals around the airways and is
necessarily the principle effector of airway narrowing during an asthma attack. For
this reason, abnormal ASM has been studied extensively for its role in AHR. For
6example, the ASM layer of airways is thickened due to more ASM cells (hyperplasia)
and larger ASM cells (hypertrophy) (James et al., 2012) and it has been hypothesized
that the additional tension achievable by more ASM is a critical factor resulting in
AHR (Lambert et al., 1993; Oliver et al., 2007). However, the ASM is much more
complex than a simple force generator embedded in a passive airway wall. The
contractility of ASM has been shown to be modulated by dynamic mechanical forces
(Fredberg et al., 1997; Gunst, 1983; Latourelle et al., 2002; Oliver et al., 2007) and
shows plasticity in its force-length relationship (Gunst, 1986; Pratusevich et al., 1995;
Silberstein and Hai, 2002; Wang et al., 2000). Moreover, a relevant understanding of
AHR in vivo cannot be obtained by only exploring the properties of ASM in isolation.
The load against which the ASM must constrict against might be equally as important
as the maximum force the ASM can generate. In addition to thickening of the ASM
layer in asthma, structural remodeling to the extracellular matrix (ECM) and other
components within the airway wall occur in asthma which can change the mechanical
loads opposing the ASM as well as how ASM cells transmit force within the airway
wall (Bates and Maksym, 2011; Bramley et al., 1995; Bramley et al., 1994; Cooper
et al., 2009).
To fully understand AHR, it is necessary to consider the spatial configuration
and mechanical properties of the components that make up the airway, as well as
the physical forces that the components experience. In the sections that follow, we
first explain the various factors that influence narrowing of a single airway within
a lung and contribute to airway hyperresponsiveness observed in asthma. We then
explain the role that the dynamic forces of tidal breathing and deep inspirations
(DIs) play across various lengths of the respiratory system and describe an intriguing
inconsistency that has arisen from these data. Finally, we introduce a powerful tech-
nique known as ultrasound elastography and its application in probing the mechanical
7properties of isolated airway segments.
2.2 Forces Influencing Airway Caliber
The classical understanding of airway lumen narrowing is that airway calibers are set
by a balance of forces. The ASM force working to constrict an airway is often derived
from measurements of its experimentally determined static force-length curve. The
airway narrows when the active force generated by the ASM is greater than the total
opposing forces which include the distending force due to transpulmonary pressure
and parenchymal tethering, and the passive elastic load of the airway wall and mucosal
folding passive forces of the airway wall (see Figure 2·1) (Gunst and Stropp, 1988;
Macklem, 1996; Moreno et al., 1986; Wiggs et al., 1992). This equilibrium corresponds
to the point at which the force-length curve of the activated muscle intersects the
force-length curve of the load against which it is contracting. When the ASM is
maximally activated, the number of actin-myosin cross-bridges increases to a plateau
and rapidly cycling cross-bridges convert to slowly cycling cross-bridges, referred to
as the latch state (Dillon et al., 1981; Hai and Murphy, 1989; Murphy, 1994). In this
paradigm, the amount of ASM force has been suggested as the greatest determinant
of excessive airway narrowing in asthma, (Affonce and Lutchen, 2006; Lambert et al.,
1993) although this approach requires many limiting assumptions most notably that
the maximum ASM active tension would scale with the increased thickness of the
ASM that has been identified within the airway walls of asthmatics (Carroll et al.,
1993; Ebina et al., 1993; Kuwano et al., 1993). In this section, we review the forces
that favor and oppose narrowing and explore what changes to the magnitude of these
forces might be present to cause asthma.
8… … … …
Pleural Pressure
Elastic Airway 
Wall
ASM Force
Parenchymal Tethering
Airway 
Caliber
Mucosal folding
Figure 2·1: Schematic showing the balance of forces acting on an
airway within the lung. The active force generation of ASM which spi-
rals around the airway is counteracted by the negative pleural pressure
of the lung and pulling from parenchymal tethers. In addition, the
ASM force must overcome the passive airway wall mechanical proper-
ties which are determined by the integrated properties of the many con-
stituents of the wall. (reproduced from (Harvey and Lutchen, 2013)).
2.2.1 Airway Narrowing
The only component that can actively cause airway narrowing is the ASM which
spirals around the airway wall and contracts in response to a wide range of stim-
uli. Airway narrowing typically results in buckling of the lamina propria, basement
membrane and epithelium into the lumen.
ASM Force
The most common pathway for contraction is activation of G-protein-coupled re-
ceptors which result in increased interaction of adjacent actin and myosin filaments
(Gunst and Tang, 2000; Huxley, 1969). Hai and Murphy modeled the attachment
and detachment of myosin and actin cross-bridges during muscle contraction with
a four-state myosin model (Figure 2·2) (Hai and Murphy, 1988). In the first state,
unphosphorylated myosin (M) is not attached to actin thin filaments (A). Then,
9the 20 kDa Myosin Light Chain (MLC) is phosphorylated creating phosphorylated
myosin (Mp), allowing for cross-bridge formations (AMp) at a rate of k3, the walking
of myosin along actin, force-development, and ASM shortening (Kamm and Stull,
1986). Myosin Light Chain Kinase (MLCK) phosphorylates MLC (Kamm and Stull,
1985) and it is regulated by the level of cytosolic free Ca2+ bound to calmodulin
(k1, k6). Opposing MLCK is Myosin Light Chain Phosphatase (MLCP) which de-
phosphorylates MLC (k2, k5) and is inhibited by factors downstream of G-protein
activation (Kimura et al., 1996). Unique to smooth muscle is a fourth state known as
the latch bridge (AM) in which the rate at which dephosphorylated myosin detaches
from actin (k7) is significantly reduced compared to the detachment rate of phos-
phorylated cross-bridges (k4), allowing for sustained force maintenance at low energy
costs. The rate of attachment and detachment of AMp (k3 and k4) and the rate of
detachment of AM (k7) are dependent on the displacement of the cross-bridge, as
proposed in the original Huxley model for skeletal muscle (Huxley, 1957). Compared
to skeletal muscle, smooth muscle is much less organized and the actin filaments are
attached to dense bodies which potentially act as Z-disk equivalents in smooth muscle
(Herrera et al., 2005).
The total force generated by the smooth muscle layer within an airway wall is
determined by the total mass of ASM in tandem with the contractility of each ASM
cell. Furthermore, the force generating ability of ASM is dependent on the length
at which it is activated. The ASM has a unique ability to remodel its contractile
apparatus to generate its maximum force over a wide range of lengths, (Gunst, 1986;
Pratusevich et al., 1995; Silberstein and Hai, 2002; Wang et al., 2000) known as
length adaptation (Bai et al., 2004). The following section examines each of these
components and the changes to each of them that occur in asthma.
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Figure 2·2: Schematic depicting Hai and Murphy’s four-state model
of the actin-myosin cross-bridge cycle of smooth muscle. Transitions
between these four states are determined by seven rate constants, k1
through k7. See text for details. A: actin thin filament, M: dephos-
phorylated myosin, Mp: detached, phosphorylated myosin, AM: non-
cycling, dephosphorylated cross-bridges, AMp: cycling, phosphorylated
actin-myosin complex. (reproduced from (Mijailovich et al., 2000))
.
ASM Mass In healthy subjects, the proportion of the total airway wall occupied
by the ASM is smallest in the trachea and generally increases with increasing gener-
ation into the bronchial tree. The total mass of ASM is increased in asthma in both
small and large airways (Carroll et al., 1993; Ebina et al., 1993; Kuwano et al., 1993).
There is evidence of both hyperplasia and hypertrophy but it is unclear which one is
more important and the relative amount of each varies with disease severity (James
et al., 2012) If one assumes that the maximum tension the muscle can generate in-
creases in proportional to mass, any increase in the amount of ASM would result in
more force generation and therefore increased narrowing. However, a confounding
factor is that the amount of ECM within the ASM layer is also increased in asthma
which potentially has resulted in an overestimation of the increase of ASM in asthma
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since they are hard to distinguish (Bramley et al., 1994; Bai et al., 2000; James
et al., 2012). Regardless, if indeed increase ASM mass proportionally increases ASM
maximum tension, computational models have shown that the increase in ASM mass
would be the single most important abnormality in asthma (Lambert et al., 1993;
Oliver et al., 2007; Affonce and Lutchen, 2006). The cause of increased ASM mass in
asthma is likely a consequence of remodeling, perhaps initiated by inflammatory me-
diators, cytokines, growth factors, and reduced inhibitory control (Panettieri, 1998)
or reduced apoptosis (Stewart, 2004). Generally, there is an unclear sense of cause
versus effect regarding the amplified ASM mass. Specifically, invoking the concept of
mechanobiology, perhaps sustained increased mechanical forces could then catalyze
remodeling of ASM (Grainge et al., 2011). It has been recently hypothesized that
the remodeling could be driven to sustain a so called mechanical homeostasis and in
the process of doing so could amplify the relative reactivity of an airway to a given
stimulus (LaPrad et al., 2013).
ASM Contractility Contractility of muscle is defined by its force generating ca-
pacity and the velocity of shortening, both of which are modulated by the load the
ASM has to work against. The number of actin-myosin interactions determine the
active force and stiffness while the turnover of these interactions determine the short-
ening velocity (Fredberg et al., 1996; Hill, 1965; Stephens and Hoppin, 2011; Stephens
et al., 1998). Both total force generating capacity and velocity of shortening play key
roles in AHR in vivo. For example, isolated ASM and bronchi which are passively
sensitized to model allergic AHR can generate more isometric force, have increased
MLCK content, and increased shortening velocity compared to non-sensitized ASM
(Ammit et al., 2000; Black et al., 1989; Jiang et al., 1992; Mitchell et al., 1994) Most
evidence suggests that there are no abnormalities in cell-surface receptors for constric-
tor agonists in binding affinity or density in asthmatics (Bjo¨rck et al., 1992; Black,
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1996; Goldie, 1990; Haddad et al., 1996; Thomson, 1987). However, ASM contrac-
tility has been shown to be modulated by ECM substrate stiffness (An et al., 2009).
The dynamic mechanical forces associated with breathing can also modulate ASM
contractility at a given length. This last aspect is discussed separately in section 2.3.
Length Adaptation Similar to striated muscle, the amount of force a strip of
ASM can generate is dependent on the length at which it is activated (Gunst, 1986;
Pratusevich et al., 1995; Silberstein and Hai, 2002; Wang et al., 2000). Unlike striated
muscle, however, this reduction is transient and the force can recover over time if the
muscle is maintained at this new length for a sufficient amount of time or is reactivated
repeatedly at the new length, a phenomenon known as length adaptation (Bai et al.,
2004). Figure 2·3 shows how the active and passive forces of an ASM strip vary over a
range of lengths before (solid line) and after (dashed line) length adaptation. Initially,
the ASM can generate maximum active force at a reference length, Lref (point A).
When the muscle is shortened by a length X, the ASM can generate significantly less
active force (point B). However, after length adaptation to this new length, the ASM
regains its ability to create maximum force (point C) and both the active and passive
curves shift to the left. This malleability of ASM means the muscle can generate its
maximum force over a wide range of lengths and has potential implications in the
muscle’s ability to regulate airway diameter. In particular, it has been suggested that
chronically stimulated and narrowed airways can adapt to generate maximum force at
the new narrowed configuration, resulting in a vicious cycle of narrowing(Bosse´ et al.,
2008). Recently, it has been proposed that perhaps this phenomenon can be exploited
in a paradoxical approach for a potential beneficial effect. The idea would be to apply
continuous positive airway pressure (CPAP) ventilation or long acting beta-agonists,
resulting in adaptation to a longer ASM length and less maximum force at the original
ASM length once the remodeling is complete and the CPAP removed, thus reducing
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AHR (Xue et al., 2008; Xue et al., 2011). A remaining question, though, is whether
the ASM would eventually remodel back to its original state and how long this might
take.
Figure 2·3: Schematic depicting the force-length relationship before
(solid line) and after (dashed line) length adaptation. Initially, the
ASM can generate maximum active force at a reference length, Lref
(point A). When the muscle is shortened by a length X, the muscle can
generate significantly less active force (point B). However, after length
adaptation to this new length, the muscle regains its ability to create
maximum force (point C) and both the active and passive curves shift
to the left by a length X. (reproduced from (Bosse´ et al., 2008)).
The mechanism behind length adaption is not completely understood but likely
comes from the structural malleability in the muscle cytoskeletal (CSK) and contrac-
tile apparatus through rearrangement and polymerization and depolymerization of
actin and myosin filaments (Bosse´ et al., 2008; Gunst and Tang, 2000; Kuo et al.,
2001). Gunst and coworkers have proposed that contractile stimulation of ASM ac-
tivates a complex of CSK proteins that then associates with the transmembrane
integrins, allowing for better force transmission between CSK filaments and the ECM
(Zhang and Gunst, 2008). Further, the activation of these proteins appears to be
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sensitive to the mechanical strain associated with breathing (Tang and Gunst, 2001;
Tang et al., 1999).
Opposing Narrowing
Viewed purely as a static equilibrium of forces, the final airway caliber is simply
determined by the balance of the active forces favoring narrowing and the load against
which those must constrict. The ASM must both deform the airway wall itself as
well as constrict against an external load from the parenchyma working to maintain
airway patency via a tethered airway wall. When data from isolated ASM strip
studies is used in modeling studies, the prediction is that the ASM should be capable
of producing enough force to cause complete airway closure in some of the smaller
airways(Lambert et al., 1993; Gillis and Lutchen, 1999; Affonce and Lutchen, 2006).
Yet, healthy subjects show evidence of a plateau response when challenges with a
bronchoagonist (Brown and Mitzner, 2000). Several factors however come into play
in a full in situ lung, including heterogeneity (Gillis and Lutchen, 1999; Lutchen
et al., 2001; Anafi and Wilson, 2001; Venegas et al., 2005) that could work to prevent
full closures to all small airways. Moreover, the non-contractile tissues arranged in
parallel and series with the ASM must be stretched, compressed, and deformed which
absorbs part of the energy produced by the ASM and limits the shortening.
External Load The outside of the airway wall is attached the parenchyma which
transmits the inflation pleural pressure to the outside surface of the airway wall acting
to distend the airway. Also, the parenchymal attachments to the airway wall exert an
outward tethering force on the wall. As the lungs expand, the increasingly negative
pleural pressure and the increased pulling from parenchymal tethers act in concert to
distend the airway. This could contribute to the finding that airway responsiveness
can be decreased by increasing lung volume (Ding et al., 1987). Parenchymal stiffen-
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ing during a challenge might also contribute to a protective effect (Brown et al., 2010),
although the majority of the increase in lung resistance during a challenge is due to
airway resistance, not tissue resistance (Lutchen et al., 1996). Of course, at higher
volumes there is an amplified distending pleural pressure against which the ASM
must contract. Conversely, responsiveness increases at lung volumes below function
residual capacity (FRC) (Ding et al., 1987) but whether this is due to a reduction
in tethering forces or simply excitation that begins from a smaller intraluminal di-
ameter remains unresolved (Black et al., 2004). Transmission of load from the outer
airway wall to the ASM layer is complex and likely depends on tissue composition
and attachments between ASM cells and the surrounding parenchyma. The external
forces are transmitted via the ECM to ASM through membrane adhesion plaques
and transmembrane integrin proteins. At baseline, the parenchyma and lung volume
continues to expand between 15-35 cmH2O, while the preponderance of airway wall
expansion is complete by 5-10 cmH2O (Brown et al., 2010; Kaczka et al., 2013). In
the challenged lung, the diameters of large airways (3.9 mm) continue to expand up
to 35 cmH2O but still do not return back to their pre-challenge diameters (Brown
et al., 2010; Kaczka et al., 2013). In situ, the lung and airway walls are always in a
state of prestress due to the transpulmonary pressure (PTP).
In asthma, peribronchial inflammation and fluid accumulation around the airway
can potentially soften and uncouple the airway from the parenchyma and impede
the transmission of elastic recoil force to the airways (Bosse´ et al., 2010b; Lambert
and Pare´, 1997). Destruction of parenchymal attachments themselves could also
potentially augment the effects of AHR assuming that lung volume remains the same.
In addition, the degree of ASM strain from breathing is a function of the ability to
transmit tension from the outside of the airway wall to the ASM in tandem with the
overall airway wall stiffness. The amount of ASM strain is believed to be proportional
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to the degree of force suppression (Fredberg et al., 1997) and therefore has potentially
important effects on AHR in vivo (see section 2.3).
Internal Load The internal loads of the airway wall include buckling of the base-
ment membrane, (Wiggs et al., 1997) tethering between the basement membrane and
ASM, (Seow et al., 2000) and tension between the outer wall and ASM (Meiss, 1999).
The total airway stiffness is determined by the integrated properties of the compo-
nents of the airway wall and is the sum of the passive stiffness (e.g., ECM, mucosa,
cartilage) and the active stiffness due to ASM activation. This sum is complex, non-
linear, and dynamic. First, the passive internal load’s elasticity is a nonlinear function
of its radius (Gunst and Mitzner, 1981). Second, the ASM’s own stiffness is increasing
as it shortens during dynamic constriction which may actually work to protect from
excessive whole airway constriction. Generally, the stiffness and composition of the
components of the airway wall constantly change with breathing and constriction,
and over time with airway remodeling observed in asthma.
2.2.2 Composition of the Airway Wall
The airway wall is composed of several different components, each having different
mechanical properties. Changes to the structural components which occur during
remodeling in asthmatics might contribute to changes in airway mechanics. The
functional changes likely depend on which layer of the airway wall is thickening as
well as the composition and mechanical properties of the material that cause that
increase in thickness.
The wall of a mid-sized airway consists of four main layers, shown schematically
in Figure 2·4. From the inside to out, they are the mucosa (mucus, epithelium, base-
ment membrane, and lamina propria), submucosa (glands, smooth muscle), cartilage-
fibrous, and adventitia (not shown).
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Figure 2·4: Diagram of mid-sized airway wall layers. The lumen of
the airway is defined by the epithelium which contains mucus-secreting
goblet cells and is supported by a basement membrane. Beneath the
basement membrane is the lamina propria followed by the smooth mus-
cle and cartilage-fibrous layers. The boundary between the mucosa and
submucosa is between the lamina propria and connective tissue beneath
the smooth muscle. The smooth muscle layer is defined as the bound-
ary between the inner and outer walls (Diagram by OpenStax College
via Wikimedia Commons).
Mucosa: Coating the inside of the airway is a thin-liquid layer consisting of mucus
and surfactant which sits onto of the epithelial layer containing mucus-secreting goblet
cells. The epithelial layer is supported by the basement membrane which contains
type IV collagen, laminin, entactin, nidogen, and heparin sulfate. The lamina propria
is the outermost layer of the mucosa and consists of woven collagenous and elastic
fibers, blood vessels and other connective tissue cells.
Submucosa: The submucosa consists of relatively loose connective tissue with
collagen and elastin, as well as a high content of space-filling proteoglycans. It also
contains submucosal glands. Fibroblasts are found close to the lamina propria while
ASM cells are the outermost part of the submucosa. Smooth muscle occupies a greater
proportion of the airway in smaller airways.
Cartilage-fibrous: The trachea contains complete C-ring of hyaline cartilage and
the amount decreases and eventually completely disappears as you proceed down the
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airway tree. The cartilage gives structural support to the bronchi and acts to keep
them open during constriction. Hyaline cartilage is mostly made up of type II collagen
and chondroitin sulfate which allow it to resist compressive loads.
Adventitia: The region outside the cartilage-fibrous layer is known as the adven-
titia which connects to the lung parenchyma and is highly variable in thickness.
Each component’s contribution to the stiffness of the airway is not well studied
and they likely changes in disease as well as with activation.
2.3 Influence of the Dynamics Forces of Breathing
All the elastic components of the lung are distended with each tidal breath and
occasional DIs, and the traditional equilibrium “static balance of forces” paradigms
from section 2.2 have been challenged in recent years (Fredberg, 1998; Fredberg,
2000). Studies have been performed on all length scales including ASM cells, (Maksym
et al., 2005; Smith et al., 1995; Smith et al., 2003; Smith et al., 2003; Smith et al.,
1994), tracheal strips (Fredberg et al., 1997; Gunst, 1983; Latourelle et al., 2002;
Oliver et al., 2007; Wang et al., 2000), lung slices (Lavoie et al., 2012) isolated airways
(LaPrad et al., 2010; Noble et al., 2011; Harvey et al., 2013; Gunst and Stropp, 1988;
Ansell et al., 2013), and in vivo (Scichilone et al., 2000; Scichilone et al., 2001a;
Kapsali et al., 2000; Brusasco et al., 1999; Nadel and Tierney, 1961; Salerno et al.,
2005; Shen et al., 1997) in both humans and other species to examine the potential
role that the forces of breathing play in modulating airway and lung function. In this
section, we will examine the results from each of the length scales and describe both
consistencies and inconsistencies which have emerged from these results.
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2.3.1 The Effect of Breathing and DIs In Vivo
In healthy subjects, DIs are effective at dilating constricted airways for tens of sec-
onds to minutes (bronchodilation), (Brusasco et al., 1999; Nadel and Tierney, 1961;
Salerno et al., 2005) as well attenuating future bronchoconstriction (bronchoprotec-
tion) (Kapsali et al., 2000; Malmberg et al., 1993; Scichilone et al., 2000; Scichilone
et al., 2001a). In asthmatics, both these effects are diminished or completely absent,
and some patients even develop transient bronchoconstriction following a DI (Gayrard
et al., 1975; Orehek et al., 1980). Additionally, heterogeneity among airway diame-
ters may increase a few minutes after a DI of a challenge lung through heterogeneous
alterations of airway-parenchymal interactions (Kaczka et al., 2009). Furthermore,
prohibition of DIs during bronchial challenge of healthy subjects increases their re-
sponsiveness (Skloot et al., 1995). In animals, increasing tidal volume and breathing
frequency has been shown to reduce the degree of airway narrowing to a given stimu-
lus although it is hard to discern out the effect of increasing mean lung volume, PTP,
and strain rate from the effects of increased tidal volume (Shen et al., 1997). The
reduced or absent bronchodilatory and bronchoprotective effect in asthmatics has led
to the suggestion that dynamic stretch is an important determinant of AHR (Fish
et al., 1981).
2.3.2 Dynamically Equilibrated States of the Isolated ASM
Strip
The mechanisms behind bronchodilation and bronchoprotection are still not well un-
derstood. For the past decade or so, many have proposed a linkage between the
imposition of cyclic stretch of the ASM embedded within airway wall with tidal
breathing and DI and a reduced degree of airway reactivity because of the manner in
which sustained periodic stretches reduce the maximum force that an ASM can cre-
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Figure 2·5: Normalized steady values of force (F ) and stiffness (E)
with hysteresivity (η) during varying amplitude of cyclic stretch (ε)
imposed on isolated tracheal ASM strips. F and E decreased in an
amplitude dependent manner as ε increased and a 2% ε resulted in a
50% drop in F and E and a doubling of η (reproduced from (Fredberg
et al., 1997))
.
ate (Fredberg, 2000; Fredberg et al., 1997; Fredberg, 1998). This hypothesis largely
derived from studies performed on isolated ASM showing that length or force oscilla-
tions simulating dynamic breathing movements applied prior to (Wang et al., 2000) or
during (Fredberg et al., 1997; Gunst, 1983; Latourelle et al., 2002; Oliver et al., 2007)
activation of isolated tracheal ASM strips result in decreased ASM force production
or shortening. In this section we will provide a somewhat historical review as to how
this hypothesis gained traction followed by questionable extrapolation from isolated
ASM to relevance in whole lung behavior.
Fredberg et al. showed that one-dimensional length oscillations applied following
force development of an activated ASM strip in vitro can cause a more than 50% re-
duction in force Figure 2·5) (Fredberg et al., 1997). The active force (F ) and stiffness
(E) (which both indicate the number of actin-myosin interactions) decreased promptly
with cyclic stretch amplitudes (ε) over 1% while the hysteresivity (η) (which indicates
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the rate of turnover of actin-myosin interactions) increased with ε. Similarly, large
force oscillations (32% of the maximum active force) following shortening were able
to completely return a constricted ASM strip to its baseline length (Fredberg et al.,
1999) The impact of length and force oscillations appeared strain-dependent, in that
larger amplitude fluctuations resulted in greater reductions in force and shortening,
respectively (Fredberg et al., 1997; Fredberg et al., 1999) To better mimic constriction
against a auxotonic load as occurs in vivo, Fredberg et al. allowed both the length and
force of activated ASM strips to change while using a model system to mimic varying
load characteristics of an airway in vivo (Latourelle et al., 2002; Oliver et al., 2007).
They found that a single DI applied to a statically constricted healthy ASM strip
resulted in significant, sustained dilation. Additionally, within 30 min of commencing
simulated breathing with occasional DIs, the muscle returned nearly back to its base-
line length. They then simulated an “asthmatic” condition of increased ASM mass by
decreasing the opposing load. Simulated tidal breathing and DI of the “asthmatic”
ASM strip resulted in more modest and only very transient dilation which quickly
returned to its static state (Oliver et al., 2007). In addition, they showed that tidal
breathing without DIs only had a small bronchodilatory effect and occasional DIs of
amplitudes at least 10 cmH2O were essential to cause re-lengthening (Oliver et al.,
2007).
These studies on isolated ASM strips have led to the hypothesis that periodic
fluctuations perturb the binding of myosin to actin and therefore limit ASM ten-
sion generation and airway narrowing (Fredberg et al., 1999; Latourelle et al., 2002;
Mijailovich et al., 2000; Oliver et al., 2007). This perturbed equilibrium hypothesis
suggests that at every instant, the ASM and airways are tending toward what would
prevail in the isometric steady state condition, but tidal changes in muscle length
cause myosin heads to detach from actin sooner than they would in static conditions.
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Since the probability that a myosin head will attach or detach to an actin binding site
depends on how close the head is to the nearest binding site, the number of attached
cross-bridges depends on size of the applied stretch (Fredberg et al., 1999; Latourelle
et al., 2002; Mijailovich et al., 2000; Oliver et al., 2007).
The isolated ASM results suggested a tantalizing possibility that perhaps in vivo,
airways exist in a dynamically equilibrated state in which less cross-bridges are at-
tached and therefore there is lower ASM stiffness, rapid bridge cycling, and higher
ATP metabolism (Fredberg et al., 1997; Fredberg et al., 1999). In this paradigm, the
strains due to breathing in people with hyperreactive asthmatic airways become too
small and the ASM becomes increasingly stiff as a result of decreased cross-bridge
cycling. This results in a positive feedback cycle where the ASM becomes excessively
stiff, leading to further attenuation of the effect of oscillations, and a frozen latch state
for actin-myosin cross-bridges (Fredberg, 2000). If simultaneously the ASM in this
state was able to generate amplified force when exposed to an agonist than what it
could generate in the dynamic state, one could explain both the enhanced reactivity
and the depressed DI response that are both characteristic of asthmatic subjects.
2.3.3 Can Breathing-Like Fluctuations Mitigate Constriction
of Intact Airways?
Data from whole organism studies that provoked the lungs under various conditions
of inhibited or enhanced breathing maneuvers tended to support the above hypothesis
(Shen et al., 1997; Skloot et al., 1995). However, ultimately the above conjecture had
to be tested and quantified at the level of an intact airway. The ASM and ECM
interact together in their native three-dimensional dynamic environment within an
intact airway, providing the perfect system to bridge the gap between isolated ASM
studies and in vivo observations. As discussed below, recent studies performed on
intact airway structures now cast substantial doubt and confusion as to how or even
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if the sensitivity of ASM force generation to imposed realistic oscillations are relevant
to explain reactivity at the whole organ level (LaPrad et al., 2010; Noble et al., 2011;
Lavoie et al., 2012).
Isolated Airway Segments
Recently, researchers have been able to apply physiologically relevant force to intact
isolated airway segments pre- and post-excitation while measuring changes in lumi-
nal radius (Cooper et al., 2009; Gunst et al., 1990; Gunst and Stropp, 1988; Gunst
and Mitzner, 1981; Hyatt and Flath, 1966; LaPrad et al., 2010; LaPrad et al., 2008;
Mitchell et al., 1994; Noble et al., 2004; Noble et al., 2002; Noble et al., 2011; Noble
et al., 2007; Tiddens et al., 1998; Noble et al., 2013; Ansell et al., 2013). Over the past
decade, pressure-controlled system were developed to better mimic in vivo breathing
in isolated airway segments by imposing physiological transmural pressure (PTM) fluc-
tuations (LaPrad et al., 2010; LaPrad et al., 2008; Noble et al., 2002; Noble et al.,
2011; Noble et al., 2007; Noble et al., 2013; Ansell et al., 2013). In our lab, LaPrad
et al. developed an ultrasound imaging system to measure radius and wall thickness
along the entire length of the airway in real time (LaPrad et al., 2010). The LaPrad
study (LaPrad et al., 2010) cast doubt on the hypothesis that the forces of breathing
can modulate airway narrowing by breaking apart actin-myosin cross-bridges. Specif-
ically, LaPrad et al. showed that PTM oscillations applied around a constant mean
were ineffective in reducing the net level of constriction of isolated bovine airways
from that which would have occurred if the ASM agonist was administered during
static conditions. Moreover, even larger oscillations (10 cmH2O peak-to-peak (p-p)
amplitude) that resulted in 7% oscillatory strains produced only modest dilation (4%)
(see Figure 2·6) (LaPrad et al., 2010).
Corroborating these results, Noble et al. has created a similar system to monitor
isolated airway which uses a feedback control system to maintain pressure and mea-
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Figure 2·6: Means and standard errors of luminal radius (top) of
isolated airways which were narrowed from baseline (B) with ACh
to a constricted radius (C). Increasing peak-to-peak (p-p) amplitude
PTM oscillations were applied to mimic increasing depths of breathing.
Larger amplitude PTM oscillations resulted in larger strain amplitudes
(bottom) but were ineffective at reversing the constriction (reproduced
from (LaPrad et al., 2010))
.
sure luminal volume changes (Noble et al., 2011). They have shown consistent results
to the ones discussed above in porcine and human airways, showing this effect is not
species or system specific (Noble et al., 2011; Noble et al., 2013; Ansell et al., 2013;
Noble et al., 2004). Similar to the LaPrad (LaPrad et al., 2010), they found that a
simulated DI resulted in a transient bronchodilatory effect but the airway returned to
its pre-DI volume and stiffness within 1 min (Noble et al., 2011). More recently, Noble
et al. compared the bronchodilatory effect of a DI in isolated airways removed from
healthy human subjects and those with a history of asthma (Noble et al., 2013). As
expected, asthmatic airways had increased ASM area and increased ASM shortening
and airway narrowing when activated statically with ACh compared to healthy air-
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ways. Imposing tidal-like PTM oscillations while narrowing did not have a differential
effect in asthmatic versus healthy airways, further suggesting that a failure of tidal
oscillations to disrupt ASM dynamics is not an important determinant of AHR (Noble
et al., 2013). Interestingly, when asthmatics and healthy airways were narrowed to
comparable levels, simulated DIs with peak PTM of 15, 30, and 60 cmH2O resulted in
identical volume strains and bronchodilation in a strain-amplitude dependent fashion
Figure 2·7(Noble et al., 2013). This suggests that the asthmatic airway wall retains
a normal response to mechanical stretch during DI. In a separate study, they found
that ASM strain rather than stress was the critical determinant of bronchodilation in
porcine isolated airways (Ansell et al., 2013).
Figure 2·7: Comparison of the effect of different amplitude DIs applied
to human isolated airways with or without a history of asthma. Airways
were constricted to a similar level of narrowing. There was no difference
between the magnitude of strain (B) or the resulting bronchodilation
(A) between control and asthmatic airways (reproduced from (Noble
et al., 2013))
.
Precision-Cut Lung Slices
An alternative approach to examining elements of an intact airway is to use precision
cut lung slices (Sanderson, 2011). These allow for direct visualization of peripheral
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airways with parenchyma intact using microscopy techniques (Lavoie et al., 2012).
In addition, lung slices allows for auxotonic contraction since the parenchymal ten-
sion increases as the ASM length shortens. Lavoie et al. used a circular indenter to
stretch precision-cut lung slices at six levels of airway luminal fluctuation from sim-
ulated tidal breathing (3-6% area strain) up to a full DI at every breath (50% area
strain) (Lavoie et al., 2012). They found that only the largest oscillations resulted in
significant reversal of bronchoconstriction, suggesting that supraphysiological strains
are required to produce significant bronchodilation. The control parameter of these
precision-cut lung slices is the depth of the indenter which is then converted to an area
strain and it is unclear how the resulting area strains relate to physiological pressure
oscillations in vivo. Therefore, extrapolations from these simulated tidal stretches
applied to two-dimensional airway cross-sections up to contractions patterns of an
intact airway tree should be made with appropriate caution.
2.3.4 Understanding the Inconsistency
A major goal of the research presented in this dissertation was to gain a better
understanding of why intact airway segment respond differently to breathing-like
stretching forces compared to ASM strips. This understanding will give insight into
the differential role DIs play in modulating airway responsiveness in healthy and
asthmatic subjects. As described above, recent experiments have suggested that force
induced length fluctuations of isolated ASM strips are not translating to functionally
important influences for an intact airway subjected to typical tidal breathing forces.
There are several potential explanations (LaPrad and Lutchen, 2011). For example,
it remains unclear how much the ASM is strained within the airway wall during
tidal breathing and deep inspiration in vivo. The ability to strain ASM is largely
determined by the mechanical properties of the airway wall in which the ASM is
embedded. The airway wall is a complex system whose mechanical properties are
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captured globally by the pressure-radius or pressure-volume curve (Gunst et al., 1990).
The compliant region of the curve below 5 cmH2O is believed to be dominated by
elastin which has a small Young’s modulus and a linear stress-strain relationship over
a wide range of stresses (Suki et al., 2005). As PTM increases, collagen is incrementally
recruited and a plateau is reached between 5 and 10 cmH2O (Suki et al., 2005). Any
additional increase in pressure only results in a few additional percent of dilation,
limiting the strain that can be applied to the ASM during breathing or DI. This
characteristic is consistent with human airway expansion with lung inflation in vivo
over several generations measured using high-resolution CT (Brown and Mitzner,
1996) and anatomical optical coherence tomography (Williamson et al., 2011) as well
intact airway studies of different species (Gunst and Mitzner, 1981; Hyatt and Flath,
1966; LaPrad et al., 2010; Ramchandani et al., 2003) and excised lungs (Hahn et al.,
1980; Hyatt et al., 1975). In addition, when the ASM is activated and the airway
narrows, the entire intact airway system becomes stiffer and imposition of pressure
fluctuations results in even smaller strains of the airway wall. Furthermore, if the
ASM becomes uncoupled from the other wall structures (Mitchell and Gray, 1996) or
if ECM stiffness is significantly less than the stiffness of the ASM (Noble et al., 2010),
the ASM strain might be reduced further. Therefore, force and length oscillations
applied to ASM strips may not accurately represent ASM loading conditions in vivo
and may be supraphysiologic.
2.3.5 Unanswered Questions
The combination of the research explained above leaves the role of dynamics in de-
termining AHR uncertain. Particularly, the following questions remain unanswered
which motivate the research presented in this dissertation.
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What are the effects of realistic breathing patterns above FRC on the
ability to reverse airway narrowing?
In previous intact airway studies, the mean PTM was kept constant (5 cmH2O) for
all oscillation amplitudes in order to isolate the role of dynamics and eliminate the
confounding effects of airway dilation due to increased mean static load which occurs
during normal breathing patterns. Those studies also mimicked the protocols of ASM
strip studies (Fredberg et al., 1997; Oliver et al., 2007) and were designed explicitly to
test the mechanism of a dynamically equilibrated ASM. However, breathing patterns
in vivo occur above a constant FRC. We therefore designed and tested a protocol to
apply oscillations above a constant PTM (5 cmH2O) in order to apply realistic strains
and probe the bronchodilatory effect of PTM oscillations in the operating range that
occurs in vivo. To account for the increase in mean PTM with oscillation amplitude, we
evaluated bronchodilation at the troughs of the oscillations which remained constant
throughout the experiments.
What is the effect of applying PTM oscillations in the more compliant region
of the PTM-diameter curve?
The airway wall exhibits a highly nonlinear PTM-diameter relationship. Specifically,
the airway is most compliant in the range from -5 to 5 cmH2O and becomes increas-
ingly stiff at PTM above 5 cmH2O. Therefore, we hypothesized that applying PTM
above an FRC of 1 cmH2O would result in significantly more strain and resultant
bronchodilation compared to imposing the same sized PTM oscillations above an FRC
of 5 cmH2O.
Can breathing-like PTM oscillation protect against future constriction?
As described in subsection 2.3.1, DIs are capable of reducing the degree of future
narrowing if they are taken immediately before a challenge (Kapsali et al., 2000;
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Malmberg et al., 1993; Scichilone et al., 2000; Scichilone et al., 2001a) in healthy but
not asthmatic subjects. This observation has led to the mantra that “breathing is
good for breathing,” suggesting that stretching of the airways during breathing and
DIs prevents the airway from becoming excessive stiff and contractile by breaking
actin-myosin cross-bridges (Fredberg, 2000). However, among the plethora of studies
that have explored the effect of breathing dynamics on reactivity of isolated ASM
strips, very few have examined the effect of prior oscillations on the effect of future
force generation or shortening. Further, the limited number of studies that did at-
tempt look at this effect found a minimal effect of the prior oscillations (Wang et al.,
2000; Pascoe et al., 2014). We therefore tested whether PTM oscillations applied be-
fore and during constriction caused an additional protective effect on the final degree
of airway narrowing in response to an ASM agonist.
Are the beneficial effects of breathing more significant in smaller airways?
Previous intact airway studies have been performed on relatively large airways (> 5 mm
luminal diameter, generations 4-5 in humans) (Harvey et al., 2013; LaPrad et al.,
2010). However, there is strong evidence that a preponderance of airway constric-
tion in asthma occurs in smaller airways (< 3 mm diameter, generations 7 or higher)
(Tgavalekos et al., 2005). Since smaller airways are generally more compliant (Lam-
bert et al., 1982; Sera et al., 2004), we hypothesized that the same sized PTM oscilla-
tions could result in larger strains and consequently greater bronchodilatory and/or
bronchoprotective effects. We therefore advanced our ultrasound imaging and pro-
cessing techniques in order to study the effect of breathing-like PTM oscillations on
smaller and more compliant airways that would strain more during breathing or a
DI.
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Are all airway components strained by the same amount?
The heterogeneous composition and mechanical properties throughout an airway wall
likely modulate the strain felt by the ASM. Therefore, understanding the spatial
distribution of displacements and strains throughout the thickness of an airway wall
could lead to better understanding of airway narrowing by elucidating contributions
of different tissue types to the mechanical behavior of the airway, and the role that
breathing and DIs play in modulating airway narrowing. The next section introduces
a technique known as ultrasound elastography which is particularly well-suited to
estimate the spatial distributions of strains and material properties throughout an
airway wall.
2.4 Elasticity Imaging of Intact Airways
As described in subsection 2.2.2, the intact airway is a heterogeneous material with
many components with different mechanical properties. The distribution of these
mechanical properties and its effect on the responsiveness of an airway is relatively
unexplored. With traditional B-mode ultrasound, we are able to measure, for exam-
ple, that the applied PTM fluctuations simulating tidal breathing result in an average
3% circumferential strain of the airway wall. However, it is unclear whether the
entire structure deforms homogeneously and the exact strain the ASM layer experi-
ences in situ. To quantify how the stresses and strains vary spatially throughout a
cross-section of an airway wall during breathing and bronchoconstriction, we turned
to a well-established technique known as elastography (Gao et al., 1996; Insana and
Bamber, 2000; Ophir et al., 2002; Parker et al., 2011). Our system lends itself per-
fectly for this technique since we already using traditional ultrasound to measure the
dimension of the airway.
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2.4.1 Elastography Overview
Elastography is a rapidly growing technique which is used to measure the strain and
stiffness of soft tissues (Gao et al., 1996; Insana and Bamber, 2000; Ophir et al., 2002;
Parker et al., 2011; Szabo, 2014). It was originally developed for cancer diagnosis
since carcinomas tend to be stiffer than healthy tissue but has also been used for
a wide range of biomedical applications (Ophir et al., 1999). Elastography utilizes
traditional imaging systems (e.g., ultrasound, magnetic resonance, optical coherence
tomography) to image a tissue’s response to a mechanical stress and then monitor the
resultant local deformations. Since stiffer regions will tend to move less than softer
regions, mechanical properties throughout the entire tissue can be identified. In this
dissertation, quasistatic ultrasound elastography is used in which tissue displacements
and material properties are estimated by applying a series of forces resulting in small
deformations.
2.4.2 Quasistatic Elastography Methods
There are three major components to the quasistatic elastography process (Fig-
ure 2·8). The first is an imposed force which results in tissue deformation of ap-
proximately 1% average strain. Next, a method to image the tissue before and after
the deformation is required, which, in our case is ultrasound. The underlying tissue
motion is measured by registration of the images of a tissue before and after the given
deformation. Ultrasound is the most common modality used since the high frequency
content of ultrasound in the direction of sound propagation lends itself to very precise
measurements of displacement and strain in that direction. Finally, the spatial dis-
tribution of material properties is reconstructed by solving an inverse problem based
on the measured displacement fields and boundary conditions.
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Figure 2·8: The elastic properties of the tissue is determined in three
steps. First, a quasi-static force causing a deformation is applied to the
tissue (green). Image registration is then used to calculate the local
displacements throughout the tissue resulting from the imposed force
(blue). Finally, an inverse problem is iteratively solved (purple) to min-
imize the difference between the measured and predicted displacement,
resulting in the final estimate of the distribution of material properties
(red).
Tissue Deformation
Deformation of our intact airway segments was achieved by slowly changing the PTM
across the airway wall. Ultrasound data was collected in small increments of PTM
over the entire range of physiological PTM.
Displacement Estimation
Many different approaches have been developed to estimate tissue motion from ul-
trasound image sequences. Among the most common is block matching using nor-
malized cross-correlation (Ophir et al., 1991). In this approach, the motion within
each block of pixels is assumed to be uniform. While the block matching method is
computationally inexpensive and easy to implement, it performs poorly at estimating
displacements in regions of highly heterogeneous deformation or large strains, it has
recognized biases when estimating sub-sample displacements, and incorporating prior
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information through regularization in a systematic way is cumbersome. An attractive
alternative to the cross-correlation method is a finite element based image registration
approach (Richards, 2007; Richards et al., 2009). This method can accommodate ar-
bitrary geometries, allow for large local strain within an element, and accommodate
prior information through regularization in a natural way.
Modulus Reconstruction
An appropriate mathematical model of the tissue deformation is needed to relate
the measured displacement to the tissue’s material properties. Often, the material is
modeled as a linear elastic solid (Richards et al., 2009). However, soft tissues such
as the airway wall exhibit highly nonlinear behavior over the physiological range of
deformations. We therefore measured large strains of the airway wall and modeled the
airway wall as a nonlinear hyperelastic incompressible material. The inverse problem
is formulated as a nonlinear optimization problem which minimizes the difference
between the measured displacements and the predicted displacement based on the
current guess of the material parameter distributions (Hall et al., 2011; Gokhale
et al., 2008).
2.4.3 Elastography of Vessels
In addition to applications in cancer diagnosis, another application of elastography
has been utilizing intravascular ultrasound (IVUS) to help detect stiff, atherosclerosis
plaques in blood vessels which are at a high risk to rupture (de Korte et al., 1997;
Liang et al., 2009; Richards and Doyley, 2011; Schaar et al., 2003). In addition,
by correlating strain fields obtained from elastography with histology, the mechanical
properties of different components of the vessel wall can be estimated (de Korte et al.,
2000; Liang et al., 2009). The goal of this project is to apply a similar approach as
these studies to the context of the intact airway in order to better understand the
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strain and stress the components of an airway (and in particularly the ASM layer)
experiences during breathing and bronchoconstriction and how they influence airway
responsiveness.
2.5 Overall Significance
This dissertation utilizes an intact airway system and ultrasound elastography tech-
nique to gain insight into the factors that influence airway narrowing. Specifically, we
aimed to better understand the differential role that breathing and DIs play in deter-
mining airway reactivity in healthy and asthmatic subjects. We found the ability of
PTM oscillations to reverse airway narrowing was proportional to the strain imposed
to the airway wall. Therefore, especially for the more compliant smaller airways,
the inability to strain the airways during breathing likely contributes to inability to
reverse an asthma-like attack. However, PTM oscillations applied before and during
constriction were ineffective at reducing the final degree of airway narrowing. This
result challenges the widely held hypothesis that asthmatic airways become hyperre-
sponsive because they are excessive stiff and therefore cannot be sufficiently stretched
during a deep breath. Thus far, this paradigm has not yielded any successful new
treatments. Our research motivates future studies which examine alternative path-
ways by which an airway might transition from “healthy” to “asthmatic”. A better
understanding of why asthmatics lack the beneficial effect of Dis, led by the results
found in this dissertation, can guide the development of novel therapies.
2.6 Organization of Dissertation
The Dissertation is organized into independent chapters which are published (Aims
1 and 2) or are in preparation to be published (Aims 3 and 4) in peer-reviewed
journals. Throughout the Dissertation, we utilize an ultrasound system to monitor
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the luminal radius and wall thickness while PTM fluctuations simulating breathing
are applied to intact bovine airways. In chapter 3, we quantify the bronchodilatory
effect of increasing large PTM oscillations applied from FRC on the luminal radius of
a constricted intact airway and the bronchoprotective effect of large PTM oscillations
applied before activation on subsequent airway reactivity. We show that the ability
for PTM oscillations to reverse airway narrowing is proportional to the magnitude
of strain imposed to the airway wall, but the PTM oscillations necessary to produce
the strain that result in substantial bronchodilation are larger than those expected
to occur in vivo. Recognizing that the majority of airway constriction in asthma
likely occurs in smaller airways, in chapter 4 we upgrade our ultrasound system and
segmentation algorithm to test if the same sized PTM oscillations impose a large
strain per cycle to the airway wall, and, in turn, have a greater bronchodilatory and
bronchoprotective effect compared to larger airways. We found that PTM oscillations
simulated exaggerated tidal breathing imposed to a narrowed airway resulted in near
three times more strain in the smaller compare to larger airways which resulted in
nearly twice as much reversal of bronchoconstriction. However, in both small and
large airways, PTM oscillations applied before and during constriction resulted in
the same steady-state diameter as when Ptm oscillations were only applied after
constriction.
Since the airway wall is made of several different components with unique ma-
terial properties, each component likely experiences difference strains during breath-
ing. Therefore, in chapter 5, we optimize a finite element-based image registration
technique in order to measure the spatial distributions of displacements and strains
throughout an airway wall during inflation and bronchoconstriction. Finally, in chap-
ter 6, we use the measured displacements determined in chapter 5 as an input to an
inverse elasticity problem to quantify the distribution of nonlinear mechanical prop-
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erties of the relaxed and constricted airway wall and correlate these distributions with
histological sections. We find the strains and material properties to be radially and
longitudinally heterogeneous and the pattern and magnitude changed significantly
after induced narrowing.
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Chapter 3
Bronchodilatory and
Bronchoprotective Effects of
Transmural Pressure Fluctuations
Simulating Breathing in Larger
Intact Airway Segments
Harvey, B. C., Parameswaran, H., and Lutchen, K. R. (2013). Can tidal breath-
ing with deep inspirations of intact airways create sustained bronchoprotection or
bronchodilation? Journal of applied physiology, 115(4):436–45
3.1 Introduction
When periodic length oscillations mimicking tidal breathing and DIs are applied to
airway smooth muscle (ASM) during or after excitation, the increase in ASM force is
less than would otherwise have occurred if the excitatory stimulus was applied while
the ASM was static (Fredberg et al., 1997; Gunst, 1983; Wang et al., 2000). This
observation led to the notion that periodic length fluctuations perturb the binding
of myosin to actin (Oliver et al., 2007; Latourelle et al., 2002; Fredberg et al., 1999;
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Mijailovich et al., 2000) or cause remodeling of the contractile apparatus (Kuo et al.,
2001; Gunst et al., 1995; Pratusevich et al., 1995), thereby limiting the resultant
tension the ASM can generate. With regard to asthma, the isolated ASM studies
motivated the conjecture that the mechanism behind the beneficial effect of deep
inspirations (DIs) in preventing airway hyperresponsiveness (AHR) is intricately tied
to stretching of the ASM during breathing (Fredberg, 2000; Fredberg et al., 1997;
Krishnan et al., 2008; Oliver et al., 2007). By extrapolation, these ASM strip level
studies led to the hypothesis that, in asthmatics, conditions such as wall remodeling
or the presence of a milieu of inflammatory mediators could all conspire to limit
tidal stretch of the ASM, resulting in chronically stiffer and more contractile airways
(Fredberg et al., 1996; Fredberg, 2000; Fredberg, 1998). Consistent with these notions
is that DIs in healthy subject are far more effective at dilating constricted airways
(bronchodilation) (Nadel and Tierney, 1961; Salerno et al., 2005; Brusasco et al.,
1999) than they are in asthmatics (Fish et al., 1981; Jensen et al., 2001; Brown
et al., 2001). There is also evidence that a DI can protect against future constriction
(bronchoprotection) (Scichilone et al., 2000; Scichilone et al., 2001a; Kapsali et al.,
2000; Malmberg et al., 1993) in healthy but not asthmatic subjects (Kapsali et al.,
2000) and prohibition of DIs results in amplified reactivity in healthy subjects (Skloot
et al., 1995).
While the whole lung data are tantalizingly consistent with the isolated ASM
studies, there are multiple complex mechanisms at the level of the whole organ that
can come into play when examining how a DI alters the reactivity of a branching
airway system embedded in lung parenchyma (Bates and Maksym, 2011; Brusasco
and Pellegrino, 2003). Consequently, one cannot unambiguously conclude from whole
lung data that the bronchoprotection and bronchodilation distinctive behaviors are
strictly the result of how stretch on the ASM embedded within the airway wall differs.
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In this study, we attempt to explicitly establish how behavior from isolated ASM strip
studies translates to the whole airway. Recently, several groups have examined the
impact of fluctuating stress and strain applied to isolated airways (LaPrad et al.,
2010; Noble et al., 2011; Noble et al., 2013; LaPrad et al., 2008; Noble et al., 2007)
or airways residing in lung slices (Lavoie et al., 2012). LaPrad et al. (LaPrad et al.,
2010) showed in intact bovine airways that transmural pressure (PTM) fluctuations
associated with tidal breaths and DIs imposed around a constant mean PTM of 5
cmH2O were relatively ineffective at reversing narrowing. Noble et al. (Noble et al.,
2011) found similar results in intact human airways. In both of these studies, the
mean PTM was kept constant (5 cmH2O) for all oscillation amplitudes in order to
isolate the role of dynamics and eliminate the confounding effects of airway dilation
due to increased mean static load which occurs during normal breathing patterns.
Lavoie et al. (Lavoie et al., 2012) showed in precision-cut lung slices that stretches
mimicking DIs with greater than 30% area strain were required to elicit substantial
reversal of bronchoconstriction. However, it is not possible to explicitly translate
fluctuations of lung slices to physiological forces associated with in vivo airways. The
effect of large amplitude strains applied from a constant PTM has not been tested in
the intact airway configuration.
In this study, we hypothesized that the strain imposed on the ASM during dy-
namic forcing of a constricted intact airway is a critical determinant of the degree
of bronchodilation and that strains sufficient to significantly ablate the constriction
are likely not typically achieved in situ. We quantified the bronchodilatory effects
of imposing tidal-like (5 cmH2O peak-to-peak (p-p) amplitude) up through large (25
cmH2O p-p amplitude) PTM oscillations on intact airways from a PTM mimicking FRC
(5 cmH2O) and then again in a separate set of airways from a reduced PTM (1 cmH2O)
to allow for larger strains per cycle. Additionally, we assessed the bronchoprotective
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effect of PTM oscillations by comparing the impact of applying PTM oscillations before
and after constriction to applying the same PTM oscillations only after constriction.
We demonstrate that bronchodilation of the intact bovine airway following con-
striction is strain-amplitude dependent. PTM oscillations simulating tidal breathing
(5-10 cmH2O) were ineffective at reversing airway constriction. To induce a recovery
greater than 50%, PTM oscillations mimicking a DI at every breath (5-30 cmH2O) were
required. Reducing the FRC to a PTM of 1 cmH2O resulted in twice the reversal of
bronchoconstriction for any given amplitude of PTM oscillations but the correspond-
ing strains were much larger than those expected in vivo. Additionally, we found
that while large PTM oscillations do have a modest bronchodilatory effect, they do
not provide an additional bronchoprotective effect when applied prior to and during
constriction. Overall, the degree of recovery from constriction is linearly dependent
on the strain one can impose during force induced oscillations of the airway wall,
but the PTM oscillations necessary to produce the strain that result in substantial
bronchodilation are not expected to occur in vivo.
3.2 Methods
3.2.1 Intact Airway Segment Preparation
Bovine lungs were obtained from a local slaughterhouse immediately after death and
placed on ice (Research 87, Bolyston, MA). The main stem bronchus (generation
10-17, 3˜5 mm long) was dissected free of parenchyma and side branches were ligated.
Cannulas were tied at each end and the airway was placed in a tissue bath with gassed
(95% O2, 5 CO2) and heated (37
◦C) Krebs solution (in mM: 121 NaCl; 5.4 KCl; 1.2
MgSO4; 25 NaHCO3; 5.0 sodium morpholinopropanesulphonic acid; 11.5 glucose; 2.5
CaCl2, pH = 7.4). The airway was stretched to 110-120% of its resting length to mimic
airway lengthening during tidal breathing and held fixed throughout the experiment
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(Noble et al., 2005). Tissue viability was confirmed with both electric field stimulation
(EFS) and acetylcholine (ACh; 10−5m), as previously described (Khangure et al.,
2004; LaPrad et al., 2010; LaPrad et al., 2008).
3.2.2 Ultrasound Intact Airway System
A custom built system was utilized to obtain real-time measurements of luminal ra-
dius and wall thickness along the length of the airway while PTM oscillations could
be delivered with a computer-controlled syringe pump, as described previously (see
Figure 3·1) (LaPrad et al., 2010). Briefly, a portable ultrasound system (Terason
t3000) linear array transducer (12L5-V) was partially submerged in the tissue bath
and mounted over the longitudinal axis of the intact airway. Automated edge de-
tection developed in MATLAB 7.14, R2012a (MathWorks, Natick, MA, USA) was
used to determine the location of airway walls in images. Then, the luminal radius
and wall thickness in pixels was converted to mm using the embedded length scale
and a correction algorithm to account for the speed of sound and ultrasound pulse
width (LaPrad et al., 2010). Luminal radius was quantified at each location along
the airway’s length and then expressed as the mean value.
3.2.3 Experimental Protocols
Two protocols were tested. Protocol 1 was designed to examine the effects of in-
creasingly larger PTM oscillations from either a simulated normal or reduced FRC
on dilation of a constricted airway. Protocol 1 was designed to explore the effect of
large p-p amplitude PTM oscillations when applied before and during a constriction
compared to the same large p-p amplitude PTM oscillations imposed to a statically
constricted airway.
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Figure 3·1: Schematic of integrated ultrasound system. A computer-
controlled syringe pumps modulates the PTM of an intact airway in a
heated tissue bath while an ultrasound transducer allows for real-time
measurements of luminal radius and thickness.
Protocol 1: Increasing PTM Oscillation Amplitude Above Constant FRC
Airways were exposed to a moderate dose of acetylcholine (ACh, 10−5m) against a
constant PTM simulating a normal FRC (PTM = 5 cmH2O) for 10 min. Following static
constriction, sinusoidal PTM oscillations (0.2 Hz) were applied, whose p-p amplitude
increased every 10 min (5, 10, 15, 20, and 25 cmH2O) (Figure 3·2). The smallest
oscillations (5-10 cmH2O) simulated the pressures of tidal breathing while the largest
oscillations (5-30 cmH2O) represented breathing to total lung capacity (TLC) on
every breath. After the largest oscillation amplitude, the airway was again held at a
constant PTM simulating FRC for 20 min. The airway was then allowed to relax in
fresh Krebs solution for 60 min and the protocol was repeated. The same experiment
was then repeated on a separate set of airways, but reducing the FRC from a PTM of
5 cmH2O to 1 cmH2O. This was designed to probe the effect of larger cyclic strains
since the airway is more compliant in this range of PTM.
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Figure 3·2: Schematic of Protocol 1. Intact airways were constricted
under a static PTM (5 cmH2O) for 10 min followed by PTM oscillations
(f = 0.2 Hz) applied above a simulated FRC (PTM = 5 cmH2O) of
increasing p-p magnitude from 5 to 25 cmH2O in increments of 5 cmH2O
and finally 20 min of static PTM. The experiment was repeated in a
separate set of airways with a reduced FRC (PTM = 1 cmH2O) (not
shown).
Protocol 2: Bronchodilatory vs. Bronchoprotective Effect of Large PTM
Oscillations
This protocol examined the degree to which large (15 cmH2O p-p amplitude) breath-
ing frequency fluctuations in PTM applied prior to and during constrictions were able
to reduce the degree of constriction compared to oscillations imposed only after static
constriction. We chose to examine large oscillations because previously studies have
shown that tidal oscillations (p-p amplitude of 10 cmH2O or less) have failed to elicit
a sustained bronchodilatory effect (LaPrad et al., 2010; Noble et al., 2011). Airways
were constricted with a moderate dose of ACh (10−5m) while imposing one of two
loading conditions in random order: Pre + Post (Figure 3·3A): large p-p amplitude
PTM oscillations (5-20 cmH2O) were imposed for 30 min immediately before and dur-
ing the duration of the constriction (20 min); Post Only (Figure 3·3B): the airway
was constricted against a constant PTM (12.5 cmH2O) for 5 min (Static loading con-
dition) and then large PTM oscillations (5-20 cmH2O) were applied for the remaining
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15 min. After the conclusion of the first condition, the Krebs solution was replaced
in the tissue bath, the airway was allowed to relax for 60 min, and the airway was
constricted under the other loading condition.
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Figure 3·3: Schematic of Protocol 2. Intact airways were constricted
twice in random order. (A) Pre + Post: Intact airways were exposed
to large PTM oscillations (5-20 cmH2O, 0.2 Hz) for 30 min prior to
addition of ACh (10-5 M) and throughout the duration (20 min) of
the constriction. (B) Post Only: Intact airways were constricted with
the same dose of ACh under a static PTM for 5 min (Static loading
condition) and then large PTM oscillations (5-20 cmH2O) were applied
for the next 15 min. Black arrows indicate the time at which ACh was
added to the bath
For both protocols, ultrasound images were acquired every 20 s during static PTM
and videos (30 s at 8 frames/s) were captured every 60 s during PTM oscillations.
Quasi-static PTM-radius curves were recorded (105 s at 4 frames/s) at the very begin-
ning (relaxed) and immediately prior to washout (constricted) of each constriction to
establish volume history and measure the global mechanical properties of the airway
by exposing the airway to slow linear ramps (-15 to 30 cmH2O, 1 cmH2O/s). The
third complete cycle was recorded.
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3.2.4 Bronchodilation and Strain Calculation
The imposed PTM oscillations resulted in strain of the airway wall. In Protocol 1,
strain was defined as the change in mean luminal radius from the statically constricted
state (RC) to end inspiration (REI), divided by the airway’s baseline mean luminal
radius (RB) and averaged over six cycles.
Strain =
REI −RC
RB
(3.1)
In Protocol 2, the strain was defined as the change in radius from end expiration
(PTM = 5 cmH2O) to end-inspiration (PTM = 20 cmH2O), normalized by the relaxed
radius at end-expiration.
Bronchodilation due to PTM oscillations was quantified in Protocol 1 as the percent
recovery from RC back to the RB. Measurements were taken at end-expiration (REE)
which remained at a constant pressure (5 cmH2O) for all oscillation amplitudes.
Recovery =
REE −RC
RB −RC (3.2)
In Protocol 2, the steady state percent constriction from baseline was calculated
after 20 min of constriction during the Pre + Post and Post Only loading conditions.
These values were compared to the amount of constriction after 5 min of static con-
striction during the Post Only constriction (Static loading condition).
3.2.5 Data and Statistical Analysis
All data are expressed as means ± SD, and n represents the number of airways. One
way repeated measures ANOVA was used to determine the effect of loading condition
(oscillation amplitude in Protocol 1; Static, Pre + Post, and Post Only conditions in
Protocol 2) on airway reactivity and strain amplitudes. In Protocol 2, paired t-tests
were used to test for significant differences in mean values. Statistical significance
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was defined as p < 0.05.
3.3 Results
3.3.1 Protocol 1: Bronchodilation due to PTM oscillations
from FRC
Airways were exposed to increasing p-p amplitude PTM oscillations ranging from 5
cmH2O (mimicking tidal breathing) up to 25 cmH2O (mimicking a DI every breath)
to test the bronchodilatory effect of PTM oscillations. Two sets of experiments were
performed: one with the PTM oscillations applied above a PTM simulating a normal
FRC (5 cmH2O) and one with a reduced FRC (PTM = 1 cmH2O). Figure 3·4, right
(F-G), shows the mean luminal radii and strain amplitudes of a representative airway
from Protocol 1 when the oscillations were applied above a normal FRC (PTM = 5
cmH2O). The luminal radius is plotted at end-expiration (PTM = 5 cmH2O, closed
circles) and end-inspiration (open circles). Important time points are labeled on
the luminal radius plot and corresponding processed ultrasound images of the intact
airway are shown in Figure 3·4, left (A-E). The airway narrowed by 38% of its baseline
radius (A) after static constriction (B). Consistent with previous results (LaPrad
et al., 2010), PTM oscillations simulating tidal breathing resulted in modest dilation
(7%) despite 4% strain. Each increase in oscillation amplitude resulted in greater
strains and further bronchodilation. For example, PTM oscillations with p-p amplitude
of 15 cmH2O imposed strains of 15% at end-inspiration (D) and resulted in 24%
recovery back to baseline. Nevertheless, even the largest PTM oscillations resulted
in only 43% recovery. Upon cessation of the oscillations, the airway narrowed back
to its initial constricted radius almost immediately, then dilated some but within 20
min the pre-oscillation radius was reestablished in steady-state (E). For the airways
oscillated from a PTM = 1 cmH2O, the degree of bronchodilation achievable exceeded
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those observed from airways oscillated from PTM = 5 cmH2O, and higher amplitude
PTM oscillations completely ablated the bronchoconstriction.
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Figure 3·4: Representative trace of airway’s mean luminal radius
(F) and strain amplitude (G) along with processed ultrasound images
(A-E) corresponding to five distinct points along these curves during
Protocol 1 with PTM oscillations applied above a PTM simulating a
normal FRC. At position A, the intact airway is in a relaxed state
at its baseline radius (RB). A moderate dose of ACh (10
−5 m) was
then added to bath and the airway narrows for 10 min to its statically
constricted radius (RC) at position B. PTM oscillations of increasing
p-p amplitude (5 to 25 cmH2O) were then applied. The mean lumi-
nal radius at a PTM corresponding to FRC (5 cmH2O, closed circles,
REE) and end-inspiration (open circles, REI) were extracted from the
ultrasound images. Representative images are shown during 15 cmH2O
PTM p-p amplitude oscillations at end-expiration (position C, PTM = 5
cmH2O) and end-inspiration (position D, PTM = 20 cmH2O). Following
the largest amplitude oscillation, the perturbations were stopped and
the airway was held statically for 20 min, returning to its final steady
state radius at position E. Small, tidal PTM oscillations (5 cmH2O p-p
amplitude) provide minimal bronchodilation despite 4% strain. The
airway dilates more as the PTM p-p amplitude and strains increase.
Figure 3·5 summarized the pooled results from all airways in Protocol 1 and shows
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the impact of different sized PTM oscillations on the imposed strain to the airways and
recovery from the statically constricted state. When the FRC was set at physiological
PTM of 5 cmH2O (n = 5, black circles), tidal like-oscillations (p-p amplitude = 5
cmH2O) caused only a small dilatory impact (11.6 ± 4.8% recovery) despite strain
amplitudes of 4.9 ± 2.0%. Excursions from FRC up to TLC (p-p amplitude = 25
cmH2O) on every breath were necessary to achieve bronchodilation of greater than
50% (62.9 ± 12.1% recovery). Reducing the FRC to a PTM of 1 cmH2O (n = 4,
gray circles) resulted in approximately twice the amount of strain imposed to the
airway wall for any given p-p amplitude PTM oscillation. This increased strain to
the airway wall resulted in a proportional increase in bronchodilation and the same
relationship between recovery and strain holds for both the normal and reduced FRC
experiments (R2 = 0.99). Tidal like oscillations from an FRC of 1 cmH2O resulted
in 14.8 ± 5.6% strains to the airway wall and resulted in 26.1 ± 7.9% recovery, while
excursions with p-p amplitudes of 20 cmH2O or larger resulted in full recovery back
to the unconstricted radius but this required strains of 50.0 ± 11.8%. The regression
line fit to the means of both datasets (dashed black line) suggests there is a threshold
strain of about 1.5% required to achieve any bronchodilation.
The mechanical properties of the airway were quantified over the entire physi-
ological range of PTM with quasi-static PTM-radius curves. Figure 3·6 displays the
deflation curves of the mean inner radius (normalized to each airway’s relaxed max-
imum radius) for all the airways studied in this paper before and after constriction.
An important feature is that the lower end of the typical breathing operating range
corresponds to a PTM of 5 cmH2O. For both the relaxed and constricted state, the
curves suggest that the airways are quite stiff above 5 cmH2O thereby preventing large
strains from being imposed even with large PTM oscillations. In the relaxed airway at
a PTM simulating FRC (5 cmH2O) the luminal radius is 88.7 ± 3.0% of its maximum
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Figure 3·5: Impact of strain imposed by each PTM p-p amplitude on
percent recovery of a statically constricted airway. PTM oscillations ap-
plied above an FRC of 1 cmH2O resulted in about twice the strain and
bronchodilation as the same sized PTM oscillation imposed above a nor-
mal FRC of 5 cmH2O. Degree of recovery from a statically constricted
airway is proportional to strain imposed by the PTM oscillations (R
2 =
0.99).
radius and increases to 96.0 ± 1.7 % at a PTM of 10 cmH2O. For the constricted
airway, the luminal radius at a PTM simulating FRC (5 cmH2O) is 57.2 ± 7.4 % of
its maximum relaxed radius. With inflation to TLC, the airway reaches 70.1 ± 9.6%
of its relaxed radius at TLC. The airway is compliant below a PTM of 5 cmH2O and
therefore reducing FRC to a value of 1 cmH2O allowed the imposition of significantly
greater strains imposed for a given p-p amplitude PTM oscillation for both the relaxed
and constricted states.
3.3.2 Protocol 2: Bronchodilation and Bronchoprotection of
Large PTM Oscillations
In Protocol 1, it was found that PTM oscillation from 5-20 cmH2O results in significant
dilation (36% recovery). In Protocol 2, airways were either exposed to large PTM os-
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Figure 3·6: Quasi-static deflation PTM-radius curves at the very be-
ginning of each protocol (relaxed, black) and after constriction, just
before washout of the ACh (10−5 m) (constricted, gray). Airways were
normalized by the radius achieved at TLC (30 cmH2O) in the relaxed
state and then averaged. Curves are mean (solid lines) ± SD (dashed
lines).
cillations prior to and during constriction (Pre + Post) or only following constriction
against a static load (Post Only). The goal was to evaluate whether 1) larger PTM
oscillations imposed on a relaxed airway softens and/or dilates when exposed to large
PTM oscillations and 2) if reactivity is significantly lessened if PTM oscillations are
imposed both prior to and after an airway is constricted as compared to holding the
airway statically until after constriction. If so, then the PTM oscillations also imbue
a protective effect.
Figure 3·7 depicts mean inner radius (A) and strain (B) from an example single
airway from Protocol 2. In the Pre + Post condition, 30 min of large PTM oscillations
(5-20 cmH2O) did not result in significant dilation or decrease in stiffness, as mea-
sured by strain. This was consistent for all airways studied (t = 0min: 5.3 ± 1.0%
strain, t = 30 min: 5.5 ± 0.9% strain, p = 0.52). The mean luminal radius at
baseline (at PTM = 12.5 cmH2O) was similar for both loading conditions (Post Only:
2.90 ± 0.43 mm vs. Pre + Post: 2.96 ± 0.46 mm, p = 0.12). For the Post Only con-
dition, the airway initially constricted to a greater degree (gray arrow in Figure 3·7,
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Static loading condition) than when the airway was exposed to PTM oscillations for
the entire duration (Pre + Post condition). However, the PTM oscillations were able
to dilate the airway to the same level in steady state as the Pre + Post constriction.
In this airway, the strain was slightly larger in the Post Only condition but this was
not a consistent result (p = 0.36).
Figure 3·8 compares the degree of bronchoconstriction under the three loading
conditions (n = 5). Imposing large PTM oscillations resulted in less bronchocon-
striction compared to a statically constricted airway regardless of whether the PTM
oscillations were applied throughout the entire protocol (Pre + Post vs. Static, p =
0.004) or only after static constriction (Post Only vs. Static, p = 0.014). This is
consistent with the results from Protocol 1. However, there was no change in reac-
tivity between the Pre + Post and Post Only condInitions (p = 0.44). These results
indicate that large PTM oscillations have a modest bronchodilatory effect but do not
provide bronchoprotection.
The mean strain imposed by the large oscillations from 5 to 20 min after the
addition of ACh was the same for the two conditions (Post Only: 4.7 ± 0.8% vs.
Pre + Post: 5.4 ± 1.4%, p = 0.36). This implies that an absence of oscillations
during constriction did not modulate the compliance of the airway between PTM of 5
and 20 cmH2O.
3.4 Discussion
In recent years, a major focus has been examining how the dynamic mechanical en-
vironment of the lung impacts airway responsiveness in health and disease (Noble
et al., 2012). In vivo, DIs in normal lungs are capable of reversing imposed bron-
choconstriction (bronchodilation) (Nadel and Tierney, 1961; Salerno et al., 2005;
Brusasco et al., 1999) and attenuating future bronchoconstriction (bronchoprotec-
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Figure 3·7: Representative trace of airway’s mean luminal radius (A)
and strain amplitude (B) during Protocol 2. (A) Circles represent lu-
minal radius at 12.5 cmH2O while the solid line below and above the
circles represent the end-expiratory (5 cmH2O) and end-inspiratory
(20 cmH2O) radii, respectively. The airway constricts to a similar
steady state radius under both loading conditions (Pre + Post: black,
Post Only: gray). The gray arrow depicts where the oscillations of
the Post Only condition commence (Static loading condition). (B) The
strain in the Pre + Post loading condition remains constant before ac-
tivation with ACh and decreases slightly after activation, suggesting a
stiffer airway. In this airway, the strain was greater in the Post Only
loading condition. Strain data is omitted during the first 5 min af-
ter the addition of ACh in the Pre + Post condition as the airway is
constricting.
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Figure 3·8: Airways constricted to a significantly greater degree when
no oscillations were imposed (Static) then when large oscillations (5-20
cmH2O) were applied (Pre + Post and Post Only) (p ¡ 0.05). However,
whether the oscillations were applied exclusively after the constriction
(Post Only) or before and after the constriction (Pre + Post) had no
effect on the final amount of constriction (p = 0.44).
tion) (Scichilone et al., 2000; Scichilone et al., 2001a; Kapsali et al., 2000; Malmberg
et al., 1993), but both of these effects are diminished or completely absent in asth-
matics (Fish et al., 1981; Jensen et al., 2001; Brown et al., 2001; Kapsali et al., 2000).
Further, prohibition of DIs during bronchial challenge of healthy subjects increases
their responsiveness (Skloot et al., 1995). The mechanisms behind bronchodilation
and bronchoprotection are unknown but are often attributed to the cyclic stretch
of the ASM embedded within airway wall with tidal breathing and DI (Fredberg
et al., 1997; Fredberg, 1998; Fredberg, 2000). This hypothesis is supported by studies
showing that length oscillations prior to (Wang et al., 2000) and during (Fredberg
et al., 1997; Gunst, 1983) activation of isolated tracheal ASM strips result in reduced
force production, although there is also evidence that mechanical strain might have
a relatively small effect on ASM force generation (Pascoe et al., 2013) or perhaps
even enhance ASM contractility (Maksym et al., 2005). These studies have led to the
hypothesis that periodic fluctuations perturb the binding of myosin to actin (Oliver
et al., 2007; Latourelle et al., 2002; Fredberg et al., 1999; Mijailovich et al., 2000) or
result in remodeling of the contractile apparatus (Kuo et al., 2001; Gunst et al., 1995;
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Pratusevich et al., 1995) and therefore limit ASM tension generation and airway nar-
rowing. Investigators have subsequently conjectured that the forces associated with
breathing and DIs are crucial regulators that prevent AHR in vivo.
While these conjectures conveyed a sensible potential pathway for how the dynam-
ics of the ASM (or lack thereof) could be an important modulator of AHR, ultimately
they had to be tested and quantified at the intact airway level. Recent studies of intact
airways now cast substantial doubt and confusion as to how or even if the sensitivity
of ASM force generation to imposed realistic PTM oscillations are relevant to explain
reactivity at the whole airway level (LaPrad et al., 2010; Noble et al., 2011; Noble
et al., 2013; LaPrad et al., 2008; Noble et al., 2007). In this study, we extended the
results of LaPrad (LaPrad et al., 2010; LaPrad et al., 2008) and Noble (Noble et al.,
2011; Noble et al., 2013; Noble et al., 2007) by examining PTM oscillations from FRC
as is typically imposed in situ. We used an integrated system with real-time ultra-
sound imaging to quantify the effect of small and large PTM oscillations from a PTM
corresponding to either a normal or a reduced FRC on the reactivity and mechanical
properties of an intact airway. Our results show that bronchodilation of the bovine
intact airway is strain-amplitude dependent but to induce a recovery greater than
50%, PTM oscillations mimicking a DI at every breath were required when applied
above an FRC of 5 cmH2O and the recovery was not sustained once the oscillations
seized. Reducing the FRC to a PTM of 1 cmH2O resulted in an approximate doubling
in the magnitude of imposed strain and corresponding recovery for any given PTM
oscillation amplitude. In addition, while large PTM oscillations (5-20 cmH2O) have
a modest bronchodilatory effect, they do not provide additional bronchoprotection
when imposed prior to constriction of an intact airway.
We have previously shown that small, tidal-like PTM oscillations (p-p amplitude
of 10 cmH2O or less) imposed around a fixed mean PTM corresponding to FRC are
56
not effective at mitigating airway constriction (LaPrad et al., 2010). In Protocol 1,
we wondered if we would observe the bronchodilatory effect by applying larger PTM
oscillations from a constant PTM, ranging from tidal-like up through mimicking a DI
at every breath. Indeed, we showed that breathing-induced bronchodilation is strain-
amplitude dependent Figure 3·5, but normal tidal breathing occurs at pressures much
lower than those required to sufficiently strain the airway wall to achieve more than
50% recovery.
To mimic breathing in vivo in Protocol 1, we applied increasing PTM oscillations
from a constant PTM simulating FRC. In our previous study (LaPrad et al., 2010),
PTM oscillations were applied around a mean PTM (5 cmH2O) to eliminate the con-
founding effects of airway dilation due to increased mean static load which occurs
during normal breathing patterns. That study mimicked the protocols of ASM strip
studies (Latourelle et al., 2002; Oliver et al., 2007) and was designed to explicitly
test the mechanism of dynamically equilibrium ASM proposed by those studies. By
applying oscillations above a constant PTM in this study, we were able to apply real-
istic strains and probe the bronchodilatory effect of PTM oscillations in the operating
range that occurs in vivo. To account for the increase in mean PTM with oscilla-
tion amplitude, we evaluated bronchodilation at the troughs of the oscillations which
remained constant throughout the experiments.
Our intact airway system provides a unique way to monitor the luminal radius
and wall thickness of an isolated airway in response to agonists and perturbations
in PTM which mimic the pressures of breathing in vivo. In the lung, airways are
embedded within the parenchyma and the size of the airway is controlled by the
transpulmonary pressure (PTP). Tidal breathing oscillations in vivo are typically
from a PTP of 5 cmH2O at end-expiration (FRC) up to 8 or 10 cmH2O at end-
inspiration and at TLC, PTP is increased up to 30 cmH2O. At the end of exhalation
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or inhalation, when flow is zero, PTM is equal to PTP and therefore oscillations in PTM
similar to the perturbations of PTP experienced in the whole lung were applied to our
intact airways to mimic breathing.
The strains applied to the airway due to PTM oscillations in this study are con-
sistent with changes in airway size due to PTP fluctuations measured in vivo. Strain
was defined in a similar manner as previous in vivo (Brown et al., 2001; Williamson
et al., 2011) and in vitro (Noble et al., 2011; Noble et al., 2013) studies as the change
in radius from the statically constricted radius up to the end-expiration radius and
normalized by the baseline radius. Imaging studies in vivo have suggested that, for
airways of similar size as the ones studied in this experiment (human generation 4),
the airway’s radius increases by between 8.5% (Williamson et al., 2011) and 16%
(Brown et al., 2001) during inflation from FRC to TLC in a relaxed lung as measured
by anatomical optical coherence tomography and high resolution computed tomog-
raphy, respectively. The deflation relaxed quasi-static PTM-radius curve (Figure 3·6)
suggests an average radius increases in radius of 8.6% from 5 to 30 cmH2O. For the
constricted lung, in vivo measurements show inflation from FRC to TLC cause an
increase in radius of 14% (Brown et al., 2001), consistent with our measurements of a
13% increase. When the PTM fluctuations are applied dynamically as occurs during
breathing, the strain imposed increases. For example, tidal breathing from FRC of 5
cmH2O resulted in an average of 12% radius strain while excursion from FRC to TLC
with every breath resulted in 33% strain. These values are consistent with strains
experience in isolated human airways by imposing a DI (22%) (Noble et al., 2011).
In addition to mimicking PTM oscillations from a normal FRC of 5 cmH2O,
Protocol 1 also explored the effect of reducing the FRC to 1 cmH2O to a range of
PTM where the airway is more compliant. The strains applied to the airway from a
reduced FRC were about twice as large for any given p-p amplitude PTM oscillations
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which resulted in about twice as much bronchodilation. When we combined both
datasets, we found an intriguing phenomenon, namely that there may be a universal
relationship between strain amplitude and degree of bronchodilation achievable (see
Figure 3·5). Hence, while indeed (following from isolated ASM studies) one can ablate
the constriction by straining the airway periodically, the amount of strain necessary
to do so are way above those occurring during tidal breathing and even deep breaths.
Our results are consistent with the recent work of Lavoie and colleagues (Lavoie
et al., 2012) who studied expansion of human lung slices. The control parameter of
these precision-cut lung slices is the depth of the indenter which is then converted
to an area strain and it is unclear whether the resulting area strains relate to PTM
oscillations. Nevertheless, in the Lavoie system, they explicitly tried to compare small
to larger oscillations and, like our protocol, imposed these from the FRC-like state.
In particular, a circular indenter was used to stretch precision-cut lung slices at six
levels of airway luminal fluctuation from simulated tidal breathing (2% area strain)
up to a full DI at every breath (30% area strain). Similar to our current findings, only
the largest oscillations resulted in substantial reversal of bronchoconstriction and the
reversal was not sustained when the oscillations were stopped (Lavoie et al., 2012).
In vivo studies examining the bronchodilatory effect of tidal breathing with the
occasional DI have suggested that healthy subject can reverse bronchoconstriction by
about 60% (Scichilone et al., 2001a; Moore et al., 1997), while some have suggested
full, sustained reversal from a single DI (Jensen et al., 2001). Our results indicate that
PTM oscillations simulating taking a DI with every breath are necessary to generate a
similar level of bronchodilation and that this reversal is not sustained when the PTM
oscillations are stopped. During normal breathing, DIs are only taken once every 6
min (Bendixen et al., 1964) so for a DI to be an effective bronchodilator, the effect
must be sustained over a similar time frame. During a conventional bronchocon-
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strictor challenge, a person is likely capable of exerting larger pressures to overcome
the greater impedance of bronchoconstriction. However, this study suggests that one
might have to increase the pressure in the lung up to a PTP corresponding to TLC
for the breathing oscillations to be effective.
In this study, a single dose of ACh (10−5m) was used to simulate a moderate
exposure to an agonist (LaPrad et al., 2010). The amount of bronchodilation of a
particular size of oscillation is likely inversely correlated with the degree of constric-
tion because the more constricted an airway becomes the stiffer it will be and the less
strains will be imposed by the same PTM fluctuations (Pascoe et al., 2013; Noble et al.,
2007). Indeed, Lavoie et al. (Lavoie et al., 2012) showed in lung slices that greater
reversal occurred when bronchoconstriction was least severe. It would be interesting
to investigate the relationship between severity of constriction and the bronchodila-
tory power of PTM oscillations in intact airways. We have previously shown that
for normal breathing patterns, there was no dependence on severity of constriction
on the effectiveness of the PTM oscillations in mitigating bronchoconstriction of in-
tact airways (LaPrad et al., 2010). In human isolated airways, Noble et al. (Noble
et al., 2011) showed that a DI results in greater initial reversal of narrowing when
constricted with a lower dose of ACh but also re-narrows more quickly and within
12 s after the DI the reversal is similar for all concentrations of ACh. However, it is
unclear if this relationship would change with the larger PTM oscillations applied in
this study.
Several studies have shown that the magnitude of the bronchodilatory effect is
strain-amplitude dependent (Shen et al., 1997; Noble et al., 2007; Latourelle et al.,
2002; Lavoie et al., 2012; Ansell et al., 2009; Duggan et al., 1990). However, it remains
unclear how much the ASM is strained within the airway wall in vivo and how much
strain is necessary to result in significant and sustained bronchodilation. The airway
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wall is a complex system whose mechanical properties are captured globally by the
PTM-radius curve (see Figure 3·6). The nature of airway mechanics is such that in
the pressure range relevant in vivo, tidal breathing (5-10 cmH2O) only results in 5%
strains (see Figure 3·5). The bend of the curve typically occurs between 5-10 cmH2O
and an additional increase in pressure will only result in a few additional percent of
dilation. This characteristic is consistent with human airway expansion with lung
inflation in vivo over several generations measured using high-resolution CT (Brown
and Mitzner, 1996) and anatomical optical coherence tomography (Williamson et al.,
2011). Relaxed airways are highly distensible up to transpulmonary pressure of 5-7
cmH2O, but further increases in pressure up to 30 cmH2O result in no further disten-
tion (Brown and Mitzner, 1996). Intact airway studies of different species (Ramchan-
dani et al., 2003; Gunst and Mitzner, 1981; LaPrad et al., 2010; Hyatt and Flath,
1966) as well as excised lungs (Hahn et al., 1980; Hyatt et al., 1975) have shown
similar pressure-radius relationships. Moreover, after excitation the maximum radius
achievable by the contracted airway even at a PTM of 30 cmH2O is 30% less that
at baseline (see Figure 3·6). This means that even if PTM oscillations simulating a
DI are imposed with every breath, the ASM can never be stretched to the absolute
lengths achievable at baseline. This is apparent from Figure 3·4 which shows that
after constriction even 25 cmH2O p-p amplitude PTM fluctuations only stretch the
airway to 2.2 mm whereas its resting radius at 5 cmH2O was 2.6 mm. In short, once
the ASM causes the airway to constrict, the entire intact airway system becomes lo-
cally and globally stiffer and imposition of our PTM oscillations can no longer created
substantive strains of this system. In addition, the strain imposed to the ASM layer
is smaller than the measured luminal strain as a result of the airway’s cylindrical ge-
ometry. If the ASM becomes uncoupled from the other wall structures (Mitchell and
Gray, 1996) or if extracellular matrix stiffness is significantly less than the stiffness
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of the ASM (Noble et al., 2010), the ASM strain might be reduced further. Taken
together, our results suggest that while physiologically achievable PTM oscillations are
capable of imposing some dilation, they are not capable of imposing the necessary
ASM strains that would result in the same level of bronchodilation observed in vivo.
The generation 10-17 bovine airway is similar in size (luminal radius of 2-3 mm)
and global mechanical properties to a generation 4 airway (Williamson et al., 2011).
The main-stem bronchus of the bovine lung tapers as it goes deeper into the lung as
shown in the longitudinal ultrasound images in Figure 3·4A-E. We have previously
explored longitudinal heterogeneity during constriction and found that an airway
constricts relatively homogeneously along its length to the dose of ACh administered
in this study (LaPrad et al., 2010). The airways studied do contain some cartilage
content but are able to fully close when exposed to a high enough dose of ACh,
suggesting the cartilage did not substantially limit contractile responses.
In Protocol 2, we tested whether large amplitude PTM oscillations also have a
bronchoprotective effect in the intact airway. The first major result from Protocol 2
was that large PTM oscillations applied to a relaxed bovine airway do not result in
dilation or softening of the airway. In relaxed human airways, pressure oscillations
simulating tidal breathing and DIs result in minor dilation which can be attributed to
reversal of intrinsic ASM tone (Noble et al., 2011). These results are inconsistent with
isolated, inactivated ASM cell studies which show that stretch results in a prompt
decrease in the cell stiffness through cytoskeleton (CSK) fluidization (Trepat et al.,
2007; Krishnan et al., 2009; Krishnan et al., 2008). The reason for this discrepancy
is unclear and might be because the rate of cross bridge attachment and detachment
are similar in a relaxed ASM (Fredberg et al., 1997). Perhaps a simpler explanation
is that even the baseline relaxed airway operates near the maximum of its PTM-radius
curves. Physiological PTM oscillations might simply not create the strains necessary
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for the intact airway’s ASM to alter its contractile response.
Based on ASM strip and cell experiments, investigators have hypothesized that
if imposed force fluctuations become too small, the ASM will become increasingly
stiffer as a result of decreased cross-bridge cycling and/or reduced CSK fluidization
(Krishnan et al., 2008). The airway then collapses into a statically equilibrated state
with the ASM in a frozen latch state that is so stiff that tidal breathing and DI can
no longer perturb actin-myosin cross bridges. If the above mechanism held, the ASM
of the intact airway for the Post Only condition is Protocol 2 would establish latched
cross-bridges during the first 5 min of static constriction, resulting in a stiffer airway.
The large PTM oscillations would therefore result in decreased strain of the ASM and
therefore less of a bronchodilatory effect. In the Pre + Post condition, the large PTM
oscillations during constriction should inhibit the airway from reaching a latch state
and therefore constrict less than both the Static and Post Only conditions. However,
the large PTM oscillations did not modulate the stiffness of the airway during constric-
tion and did not provide any additional bronchoprotective effect. Airways exposed
to PTM oscillations prior to and during constriction exhibited the same level of reac-
tivity as airways which were exposed to PTM oscillations after static constriction (see
Figure 3·8). Note that while some of the comparisons in Protocol 2 are of borderline
significance due to a small sample size, any difference, significant or not, would not
correspond to a functionally important difference.
Protocol 2 was designed to test whether PTM oscillations prior to and during con-
strictions were able to reduce the degree of constriction compared to PTM oscillations
only after static constriction. In a living human, the Pre + Post loading condition is
closer to what actually occurs in that one breathes constantly as agonist stimulation
occurs. Hence, we tested for whether realistic dynamic forcing prior to and during a
stimulation would reduce the reactivity. To assess what happens if PTM oscillations
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are applied only before constriction starts, a third ‘Pre Only’ could have been tested
but was omitted because it does not simulate realistic conditions. Our data explicitly
compares whether PTM oscillations constantly present (Pre + Post) are protective
compared to no PTM oscillations until after static constriction (Post Only).
This study is the first to directly examine the effects of pressure oscillations on
subsequent airway narrowing, and extends the work of Noble et al. (Noble et al., 2004)
who examined the bronchoprotective effect in intact airways by tracking changes
in active isovolumetric force generated following a period of pressure fluctuations.
Consistent with our current results, they showed that pressure oscillations resulted in
no beneficial bronchoprotection. They also observed an unexpected modest increase
in active pressure which did not translate into a change in airway narrowing in our
study (Noble et al., 2004).
While one leading hypothesis explaining the beneficial effect of a DI is related to
the effect stretch has on ASM cross-bridge dynamics (Oliver et al., 2007; Latourelle
et al., 2002; Fredberg et al., 1999; Mijailovich et al., 2000), several other potential
mechanisms have been proposed as well (Scichilone et al., 2001b). Furthermore,
some human studies have suggested that the bronchoprotection and bronchodilation
involve distinct physiological mechanisms (Scichilone et al., 2001a). In particular, the
release of relaxant factors such as prostaglandins or atrial natriuretic peptide through
stretch-activated neural or hormonal pathways may be the mechanism in which DI can
protect against future bronchoconstriction (Said et al., 1974; Berry et al., 1971; Skloot
and Togias, 2003). Functional changes to the ASM due to chronic inflammation could
potentially inhibit these stretch-induced mechanisms in asthma (Fryer and Jacoby,
1993). Alternatively, stretch-activated surfactant release could also be responsible for
the bronchoprotective effect of the DI (Wirtz and Dobbs, 1990; Arold et al., 2009;
Liu et al., 1999). Our group has also provided some evidence that prohibition of DIs
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in healthy subjects might simply cause atelectasis which amplifies reactivity (Black
et al., 2004).
In conclusion, our study examined the bronchodilatory and bronchoprotective
effects at the level of the intact airway. Breathing-induced bronchodilation is strain-
amplitude dependent and there appears to be a universal relationship between strain
amplitude and degree of bronchodilation achievable. While it is indeed possible to
ablate constriction of an airway by straining it periodically as has been shown in
isolated ASM studies, the amplitude of PTM oscillations and corresponding strains
necessary are much larger than those that occur during normal breathing patterns
and cannot be sustained. Furthermore, while large PTM oscillations do provide a
modest bronchodilatory effect, the bronchoprotective effect is not present at the level
of the intact airway. These results challenge the current ASM cellular hypotheses and
suggest other mechanisms might dominate what controls AHR in vivo.
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Chapter 4
The Ability of Breathing-Like
Transmural Pressure Fluctuations
to Reverse and Prevent Narrowing
in Smaller, More Compliant
Airways Segments
Harvey, B. C., Parameswaran, H., and Lutchen, K. R. (2015). Can breathing-like
pressure oscillations reverse or prevent narrowing of small intact airways? Journal of
applied physiology, 119(1):47–54
4.1 Introduction
In healthy subjects, deep inspirations (DIs) are capable of reversing airway narrow-
ing (bronchodilation) (Nadel and Tierney, 1961; Salerno et al., 2005; Brusasco et al.,
1999) and have been proposed to be capable of attenuating future narrowing (bron-
choprotection) (Scichilone et al., 2000; Scichilone et al., 2001a; Kapsali et al., 2000;
Malmberg et al., 1993). However, these effects are diminished in asthmatics (Fish
et al., 1981; Jensen et al., 2001; Brown et al., 2001; Kapsali et al., 2000). Also, pur-
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posely refraining from taking DIs results in amplified sensitivity to methacholine in
healthy subjects (Skloot et al., 1995). In animals, bronchoconstriction is reduced with
increasing tidal volume (Shen et al., 1997; Salerno et al., 1999; Brown et al., 2001;
Tepper et al., 1995). Additionally, periodic length fluctuations mimicking breathing
imposed before (Wang et al., 2000) or after (Fredberg et al., 1997; Bates et al., 2009;
Gunst, 1983) activation of an isolated strip of airway smooth muscle (ASM) result in
a decrease in the amount of force generated by the ASM. These observations, along
with the fact that airways from asthmatics are generally stiffer than from healthy
subjects (Brackel et al., 2000), spawned the attractive hypothesis that airway hyper-
reactivity in asthma results as a consequence of lack of periodic stretching of airways
(Skloot et al., 1995). However, a large structural divide exists between isolated ASM
strips and the whole lung in vivo and it is difficult if not nearly impossible to precisely
mimic in situ conditions when designing isolated ASM studies. In short, the connec-
tion between these two ends of the biological size spectrum while enticing, remains
ambiguous (Lutchen, 2014). We previously engineered a system to quantify how
ASM level mechanisms could translate to modulate reactivity at the intact airway
level (Harvey et al., 2013; LaPrad et al., 2010). We found that transmural pressure
(PTM) fluctuations showed little capacity to bronchoprotect or bronchodilate intact
airways (Harvey et al., 2013; LaPrad et al., 2010). To create greater than 50% rever-
sal of bronchoconstriction we had to impose large amplitude PTM fluctuations (> 25
cmH2O) every breath (Harvey et al., 2013). Furthermore, the degree of bronchodi-
lation resulting from PTM fluctuations depended on the magnitude of strain imposed
(Harvey et al., 2013).
Our previous studies were performed on relatively large airways (> 5 mm luminal
diameter, generations 4-5 in humans) (Harvey et al., 2013; LaPrad et al., 2010). There
is strong evidence that a preponderance of airway constriction in asthma occurs in
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smaller airways (< 3 mm diameter, generations 7 or higher) (Tgavalekos et al., 2005).
Smaller airways are generally more compliant (Lambert et al., 1982; Sera et al.,
2004) such that the same sized PTM oscillations could result in larger strains and
consequently greater bronchodilatory and/or bronchoprotective effects. We therefore
advanced our ultrasound imaging and processing techniques in order to study the
effect of breathing-like PTM oscillations on smaller and more compliant airways that
would strain more during breathing or a DI.
The goal of this study was to quantify the bronchodilatory and bronchoprotective
effects of tidal-like (5-15 cmH2O) PTM oscillations as well as the bronchodilatory
effect of DI-like (5-25 cmH2O) PTM oscillations in smaller airways and compare these
results to those in larger airways from our previous study (Harvey et al., 2013). Our
new airways had luminal diameters of approximately 3.0 mm with a wall compliance
that resulted in a 1-2 fold increase in strain due to tidal-like PTM oscillations when
compared to larger airways. This increased strain resulted in a consequent increase in
the ability for these PTM oscillations to dilate a constricted airway. However, imposing
amplified tidal PTM oscillations before and during the challenge did not reduce the
final amount of airway narrowing compared to if the PTM oscillations were only applied
after the airway was constricted. In other words, the PTM oscillations imbued no
substantive a priori bronchoprotection. Taken together, these data suggest that a
reduced ability to strain the airways might hamper the capacity to reverse airway
narrowing, especially in smaller, more compliant airways, but a reduced straining
of airways prior to a challenge likely does not contribute to airway hyperreactivity
observed in asthma.
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4.2 Methods
4.2.1 Ultrasound Intact Airway System
Experiments were performed on a custom-built intact airway system, as previously
described (LaPrad et al., 2010). Briefly, intact airways were dissected from fresh
bovine lungs (Research 87, Boylston, MA) and side branches were ligated to form a
leak-free airway and then mounted inside a tissue bath with Krebs solution (Sigma,
St. Louis, MO) (37◦C, 5% CO2). The airways were dissected from a more distal
region of the tapered main stem bronchus (generations 19-24, 23 mm long) than
previously studied airways (Harvey et al., 2013) and therefore had smaller luminal
diameters. Airways were stretched to 110-120% of their resting length to mimic airway
lengthening during tidal breathing and held fixed throughout the experiment (Noble
et al., 2005). A computer-controlled syringe pump modulates the height of fluid in a
pressure column connected in series with the airway in order to deliver PTM oscilla-
tions that mimic breathing. An ultrasound system (SonixTablet, Ultrasonix Medical
Corporation, Richmond, BC, Canada) with high frequency linear array transducer
(L40-8/12, center frequency = 15 MHz) was partially submerged in the tissue bath
and mounted less than 1 cm above the outer edge of the airway and positioned paral-
lel to the long axis of the airway segment. The imaging plane of the transducer cuts
through the middle of the airway along its length, thereby allowing for quantification
of luminal diameter and wall thickness at each point along the airway’s length. Tissue
viability was confirmed with both electric field stimulation (EFS) and acetylcholine
(ACh; 10−5 M), as previously described (Khangure et al., 2004; LaPrad et al., 2010;
LaPrad et al., 2008; Harvey et al., 2013).
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(a) Smaller Airway (b) Larger Airway
Figure 4·1: Cross-sectional B-mode ultrasound image of a smaller (a)
and larger (b) intact airway. Luminal and outer wall boundaries found
using an automated segmentation algorithm are overlaid.
4.2.2 Segmentation Algorithm
: An updated automated segmentation algorithm developed in MATLAB (Math-
Works, Natick, MA, USA) was used to determine the location of airway walls in the
images. First, the grayscale B-mode were cropped to a region of interest along the
length of the airway with the ends being at least a distance equal to two diameters
away from the proximal and distal cannulas to minimize end effects. This region
remains the same throughout an experiment. Next, the cropped B-mode images were
converted to binary using a threshold determined using Otsu’s method (Otsu, 1979)
to distinguish airway wall tissue from the Krebs solution. Morphological operations
were performed on the binary images to form a contiguous region for each visible
wall of the airway while also smoothing the boundaries. The two airway walls were
then defined as the largest two regions in the image and the lumen was defined as the
region between the walls. Figure 4·1 shows an example ultrasound image comparing
a smaller (a) and larger (b) airway with detected luminal and outer wall boundaries
overlaid.
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4.2.3 Ultrasound Calibration, Correction, and Validation
The total number of pixels bounded between the inner edges of the walls was con-
verted to luminal diameter using a calibration factor and correction constant to ac-
count for the ultrasound spatial pulse length (spl) (LaPrad et al., 2010), and av-
eraged over the length of a region of interest. Specifically, we calculated the mean
luminal diameter (D, mm) according to the speed of sound through Krebs solution
(ckrebs = 1.54 mm/µs), the total number of pixels within the wall (nd), the time
taken to travel between pixels (∆T = 0.232 µs/pixel), the length of the analyzed
region in pixels (nL), and the ultrasound spl:
D =
ckrebs ·∆T · nd
nL
+ spl
To estimate spl, we imaged seven tissue mimicking phantoms of known thicknesses
between 1.0 and 3.7 mm using identical imaging parameters as used for intact airways
(depth = 15 mm, gain = 0.15, foci at 3 mm and 12 mm) and these images were
processed using the segmentation method described above. A linear regression was
performed between the known thicknesses (H) of the phantoms and the mean number
of pixels between the detected edges (nh) of the corresponding phantoms using H =
ctissue ·∆T · nh/nL − spl (r2 = 0.99), where ctissue is the speed of sound through the
tissue mimicking phantom. The slope of this line is equal to ctissue (1.45 mm/µs) and
the magnitude of the y-intercept is equal to the spl (0.23 mm). As a result of this
correction algorithm, the minimum luminal diameter we can detect is equal to 0.23
mm. An airway at a diameter this small be considered functionally closed because of
its high resistance to flow.
The algorithm was validated using two tissue phantoms mimicking the airways
walls which were separated by a known distance. The correction algorithm reduced
the luminal diameter measurement error from 492 µm (8.7%) to 51.4 µm (0.9%).
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4.2.4 Experimental Protocol
Airways were constricted twice with a moderate dose of ACh (10−6m) while imposing
one of the following loading conditions in random order: Pre + Post (Figure 4·2A),
where sinusoidal PTM oscillations mimicking amplified tidal breathing (5-15 cmH2O,
f = 0.2 Hz) were imposed for 20 min immediately before and during the entire 40min
of the constriction; and Post Only (Figure 4·2B), where the airway was constricted
statically against a PTM of 5 cmH2O for 20 min, followed by 20 min of PTM oscillations
from 5-15 cmH2O and then 20 min from 5-25 cmH2O to simulate taking a DI with
every breath. The airway was allowed to relax in fresh Krebs for 60 min between
constrictions. Quasi-static PTM-diameter were recorded at the beginning (Baseline)
and immediately before washout of ACh (Constricted) by slowly ramping the PTM
between -10 to 25 cmH2O at a constant rate of 1 cmH2O/s.
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Figure 4·2: Intact airways were constricted twice in random order.
A: Post Only: airways were constricted statically at a simulated FRC
(PTM = 5 cmH2O) for 20 min, followed by 20 min of PTM oscillations
from 5-15 cmH2O for 20 min, and then an additional 20 min from 5-25
cmH2O. B: Pre + Post: airways were exposed to Ptm oscillations (5-
15 cmH2O, f = 0.2 Hz) for 20 min immediately before and during the
constriction.
4.2.5 Data Analysis
Luminal diameters were compared immediately prior to the addition of ACh (Base-
line), at its maximally constricted state (Peak Constriction), and at the end of the
tidal-like (5-15 cmH2O) PTM oscillations (Steady State) as well as after DI-like (5-25
cmH2O) PTM oscillations. The strain imposed during a simulated breath from the
luminal diameter at end-expiration (Dexpiration) to end-inspiration (Dinspiration) was
calculated as:
Strain =
Dinspiration −Dexpiration)
Dexpiration
(4.1)
During simulated breathing, we defined dynamic specific compliance (sCdyn) as
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the change in area divided by the change in PTM and the area at end-expiration
(Noble et al., 2011; Noble et al., 2013; Ansell et al., 2009):
sCdyn =
D2inspiration −D2expiration
(PTM,inspiration − PTM,expiration)D2expiration
(4.2)
Finally, we defined recovery (i.e. bronchodilation) in the Post Only constriction as
the percentage of dilation from the maximally constricted diameter (Dpeak−constriction)
back to its diameter before addition of the agonist (Dbaseline).
Recovery =
Dexpiration −Dpeak−constriction
Dbaseline −Dpeak−constriction (4.3)
4.2.6 Statistical Analysis
All data are expressed as mean ± SD. Paired t-tests were used to compare lu-
minal diameters at specific time points (Baseline, Peak Constriction, and Steady
State) between the two different loading conditions (Pre + Post and Post Only) us-
ing SigmaPlot 11.0 (Systat Software, San Jose, CA). Paired t-tests were also used
to compare specific compliance, strains, and recovery at different PTM oscillation
amplitudes (5-15 cmH2O and 5-25 cmH2O). Statistical significance was defined as
p < 0.05.
4.3 Results
4.3.1 Airway Mechanical Properties
Smaller airways had a baseline luminal diameter of 2.92 ± 0.29 mm at a PTM of 5
cmH2O (n = 5) compared to 5.72 ± 0.52 mm for the larger airways studied previ-
ously (Harvey et al., 2013). Our quasi-static PTM-diameter data indicate that smaller
airways are more compliant than larger airways above a PTM corresponding to func-
tional residual capacity (FRC, 5 cmH2O) both before and after constriction with ACh
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Figure 4·3: Mean quasi-static deflation PTM-diameter curves for
smaller (green, n = 5) and larger (blue, n = 5) airways before in-
duced constriction (Baseline, solid) and after induced narrowing with
ACh (Constricted, dashed). Data were normalized by the diameter at
TLC (25 cmH2O) in the baseline state and averaged. Smaller airways
are more compliant than larger airways in the large tidal breathing
range from 5 to 15 cmH2O (shaded area) both before and after induced
narrowing. Larger airway data taken from (Harvey et al., 2013).
(Figure 4·3).
We calculated sCdyn during simulated breathing after induced narrowing to com-
pare the stiffness of smaller and larger airways (Harvey et al., 2013). The sCdyn of
the smaller airway was 0.026 ± 0.006 cmH2O−1 in the tidal breathing range (PTM
= 5-15 cmH2O) and less compliant during DI-like PTM excursions from 5-25 cmH2O
(0.015 ± 0.002 cmH2O−1, p = 0.003). Smaller airways were 128% more compliant
from 5-15 cmH2O and 78% more compliant from 5-25 cmH2O than the previously
studied larger airways (Harvey et al., 2013).
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4.3.2 Bronchodilatory and Protective Effects in Smaller Air-
ways
Figure 4·4 shows representative traces of a single smaller airway from the Post Only
(purple) and Pre + Post (gray) protocols. In the Post Only constriction, this airway
started at a baseline diameter of 2.93 mm and narrowed to 1.89 mm after 20 min of
ACh exposure against a static PTM of 5 cmH2O (Peak Constriction). Tidal-like PTM
fluctuations (5-15 cmH2O) resulted in some bronchodilation and the airway recovers
to a diameter of 2.22 mm within 20 min (Steady State). DI-like PTM fluctuations
from 5-25 cmH2O (not shown) resulted in dilation to a diameter of 2.78 mm. In the
Pre + Post constriction, this airway began at a similar diameter prior to activation
(2.96 mm) and tidal-like PTM oscillations imposed 11.5% strain per cycle. When the
airway was activated, the airway constricted to a diameter of 2.08 mm as compared
to 1.90 mm when narrowed against a static PTM. At first, this suggests that applying
PTM oscillations in advance reduced the amount of narrowing (Peak Constriction).
However, these pre-constriction oscillations necessarily impose a higher mean PTM
against which the constriction occurs (PTM = 10 cmH2O in Pre + Post vs. 5 cmH2O
in Post Only). In fact, once the oscillations were imposed to the statically constricted
airway (at 20 min in the Post Only protocol) its diameter starts to increase and
reaches a steady state level (2.28 mm) very similar to the airway which was oscillated
before and during the constriction (Steady State).
Figure 4·5 shows compiled data of smaller airway luminal diameters from the
Post Only (purple) and Pre + Post (gray) loading conditions at Baseline, Peak Con-
striction, and Steady State (i.e. post 5-15 cmH2O PTM oscillation) time points. The
airways start at the same luminal diameters immediately prior to the addition of ACh
indicating that the PTM oscillation prior to activation did not result in any dilation
(Baseline, p = 0.601) despite imposing strains of 10.6 ± 2.0%. Activating the air-
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Figure 4·4: Representative trace of a smaller airway from Post Only
(purple) and Pre + Post (gray) protocols with important time points
marked. Vertical lines extend from end-expiration to end-inspiration.
The diameters are similar before the addition of ACh (Baseline time
point). The statically held airway initially constricts more (Peak Con-
striction time point), but the final diameters at 40 min (Steady State
time point) are the same for both protocols.
ways against a static PTM in the Post Only condition resulted in 34.0% narrowing
while applying PTM oscillation during narrowing in the Pre + Post loading condition
resulted in only 23.5% initial narrowing (Peak Constriction, p = 0.013). However,
once tidal-like PTM fluctuation were imposed in the Post Only condition, the luminal
diameters increased to a similar level as when the PTM oscillations were applied the
entire time (Steady State, p = 0.558). Thus, applying amplified tidal PTM fluctuations
and hence strains in advance of exposure to an agonist did not protect the airways
from future constriction compared to that which would have occurred without prior
dynamic PTM oscillations.
In the Post Only protocol, PTM oscillations of 5-15 cmH2O resulted in 14.6 ±
3.3% strain per cycle while 5-25 cmH2O imposed 19.4 ± 3.4% strain (p = 0.004).
These cyclic strains resulted in 41.2% and 77.6% recovery from the Peak Constriction
diameter for 5-15 cmH2O and 5-25 cmH2O PTM oscillations, respectively (p = 0.006).
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Figure 4·5: Compiled data of smaller airway luminal diameters from
the Post Only (purple) and Pre + Post (gray) loading conditions at
Baseline, Peak Constriction, and Steady State (i.e., post 5-15 cmH2O
PTM oscillation) time points. The airway starts at the same luminal di-
ameter in both loading conditions (Baseline, p = 0.601). PTM oscillation
during narrowing resulted in less initial constriction in the Pre + Post
condition (Peak Constriction, p = 0.013) but once PTM fluctuation were
imposed in the Post Only condition, the luminal diameter increased to
a similar level as when the PTM oscillations were applied the entire time
(Steady State, p = 0.558).
Figure 4·6 compares the strain imposed for tidal (5-15 cmH2O) and DI-like (5-25
cmH2O) PTM oscillations and the resulting reversal of bronchconstriction for smaller
and previously studied larger airway segments (Harvey et al., 2013).
4.4 Discussion
Over the past two decades, the dynamic mechanical environment of the lung has been
a major focus in understanding health and disease (Noble et al., 2012). In particular,
results from stretching isolated ASM strips (Gunst, 1983; Wang et al., 2000; Fred-
berg et al., 1997) along with in vivo evidence (Skloot et al., 1995; Shen et al., 1997;
Brown and Mitzner, 2001; Salerno et al., 1999; Tepper et al., 1995) led to the hy-
pothesis that a lack of stretch of ASM embedded inside airway walls due to breathing
could lead to remodeling of the ASM’s contractile apparatus resulting in airway hy-
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Figure 4·6: Comparison of strain imposed for tidal (5-15 cmH2O)
and DI-like (5-25 cmH2O) PTM oscillations and the resulting reversal
of bronchconstriction for smaller (green) and larger (blue) airway seg-
ments. The same sized PTM oscillations result in about twice as much
strain and reversal for smaller compared to large airways.
perreactivity (AHR) associated with asthma (Fredberg et al., 1997; Fredberg, 1998;
Fredberg, 2000). Furthermore, while DIs in healthy subjects are capable of revers-
ing airway narrowing (bronchodilation) (Kapsali et al., 2000; Malmberg et al., 1993;
Scichilone et al., 2000; Scichilone et al., 2001a) and of attenuating future narrowing
(bronchoprotection) (Kapsali et al., 2000; Malmberg et al., 1993; Scichilone et al.,
2000; Scichilone et al., 2001a), these beneficial effects of a DI are diminished or ab-
sent in asthmatic subjects (Brown et al., 2001; Fish et al., 1981; Jensen et al., 2001;
Kapsali et al., 2000). This latter phenomenon, however, while distinctive behavior
for subjects with existing asthma, does not prove that a lack of dynamics prior to
this led to this individual becoming asthmatic. Indeed, recent evidence from intact
airway segments excised from both animal (Harvey et al., 2013; LaPrad et al., 2010)
and human lungs (Noble et al., 2011) have surprisingly shown that PTM fluctuations
mimicking breathing before and during induced constriction do not substantively re-
duce the final degree of airway narrowing. In short, there remains no evidence that a
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lack of dynamic fluctuations of an airway wall can transition intact airways to become
hyperreactive.
Therefore, in this study we wanted to test whether realistic breathing conditions
would be effective at 1) reversing narrowing of a constricted isolated airway (bron-
chodilation), and/or 2) reducing the degree of narrowing compared to if the airway
was held at a static PTM before and during constriction. In particular, we narrowed
isolated airways twice with ACh. In the Post Only constriction, the airway was held at
a static PTM (5 cmH2O), stimulated to narrow, and then 20 min later exposed to 5-15
cmH2O of PTM oscillations. This protocol assessed whether PTM oscillations imposed
after a constriction takes place, but while the ACh is still present, are capable of cre-
ating significant and lasting dilation. In the Pre + Post constriction, PTM oscillations
were imposed before, during, and after activation. This assessed if PTM oscillations
occurring in advance of and then continuing during the ACh exposure protect the air-
way from future narrowing. Our data definitively show a lack of a bronchoprotective
impact of PTM oscillations but indicate a potential for a substantive bronchodilation
impact if sufficient strains can be imposed during the oscillations.
Previous studies performed on intact airway segments were done on larger airways
with luminal diameters greater than 5 mm (Harvey et al., 2013; LaPrad et al., 2010).
However, the majority of airway constriction in asthma likely occurs in smaller air-
ways (< 3mm diameter) (Tgavalekos et al., 2005). Since smaller airways are generally
more compliant (Lambert et al., 1982; Sera et al., 2004), the same sized PTM oscil-
lations might impose a larger strain per cycle to the airway wall and the embedded
ASM. Furthermore, the degree of recovery is proportional to the magnitude of strain
that can be imposed to the airway wall (Ansell et al., 2013; Harvey et al., 2013).
Therefore, we hypothesized that PTM oscillations might have greater bronchodilatory
and bronchoprotective effects in smaller compared to larger airways. To test this hy-
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pothesis we measured the luminal diameter of these smaller airways with and without
PTM oscillations using a state-of-the-art ultrasound system with high frequency trans-
ducer. We compared our results from these smaller airways (2.92± 0.29 mm) to the
results from Protocol 1 of our previous study where we applied a similar protocol to
larger airways (5.72±0.52 mm) which were narrowed by a similar percentage (Harvey
et al., 2013). Our smaller airways were more than twice as compliant than the larger
airways from our previous study (Harvey et al., 2013) in the tidal breathing range
(5-15 cmH2O). This increased compliance translated into more strain and greater re-
covery from induced constriction for a given PTM oscillation amplitude. Specifically,
in our previous study (Harvey et al., 2013), 5-15 cmH2O PTM oscillations applied after
a similar level of constriction resulted in 5.58% strain and 23.4% recovery in larger
airways compared to 14.6% and 41.2% in this study on smaller airways. In other
words, tidal-like PTM oscillations resulted in nearly three times more strain and twice
as much recovery in smaller airways compared to previously studied larger airways
(Harvey et al., 2013).
Applying larger PTM oscillations which mimicked taking a DI with every breath
(5-25 cmH2O) after constriction resulted in 19.4% strain and 77.5% reversal of con-
striction, compared to 8.21% strain and 48.3% recovery in previously studied larger
airways (Harvey et al. 2013). These strains are significant larger than those necessary
to cause a similar decrease in force in ASM strip experiments (Fredberg et al., 1997),
though direct, quantitative comparisons between ASM strip and isolated airway ex-
periments are difficult because the relationship between force and narrowing is com-
plex (Pascoe et al., 2013). However, these values are consistent with the relationship
between magnitude of strain and degree of reversal observed in human precision cut
lung slices which were narrowed by a similar amount (Lavoie et al., 2012). Therefore,
sufficient straining of an airway wall due to PTM oscillations might play an impor-
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tant role in the ability to reverse narrowing, especially in smaller, more compliant
airways. Since the magnitude of reversal is dependent on the amount of strain that
applied to the airway wall, the increased stiffness of asthmatic airways (Brackel et al.,
2000) might be an important ingredient necessary for sustaining bronchoconstriction
whether induced or via natural stimuli in a sustained asthma attack. However, since
straining of the airway wall was not capable of full reversal of bronchoconstriction, it
is likely one factor among several that contribute to the differential response between
healthy and asthmatic subjects.
To assess whether lack of breathing dynamics is a critical trajectory leading to
AHR we compared the constriction achieved when tidal-like PTM oscillations were
applied prior to and during induced constriction (Pre + Post) to the case when PTM
oscillations were applied only after constriction (Post Only). The PTM prior to ACh
were sufficient to strain the walls by 10.6% and at first appeared to reduce the initial
degree of constriction by a small amount compared to constriction from static loading
condition. However, this difference was eliminated soon after PTM oscillations were
imposed to the statically constricted airway in Post Only condition. We believe that
this transient difference can be explained by the increased mean PTM against which
the airway was narrowed during the PTM oscillations (i.e., 10 cmH2O for 5-15 cmH2O
vs. 5 cmH2O) rather than a “bronchoprotective” effect of dynamics per se at the
level of the ASM. Indeed, in a previous study (LaPrad et al., 2010), when we applied
PTM oscillations around a mean of 5 cmH2O rather than from 5-10 cmH2O, there
was no evidence of even a transient difference. Our data support the notion that
the so-labeled bronchoprotective effect of a DI observed in vivo (Kapsali et al., 2000;
Malmberg et al., 1993; Scichilone et al., 2000; Scichilone et al., 2001a) is not due
to a prevention of the ASM from becoming too stiff through decreased cross-bridge
cycling or reduced cytoskeleton fluidization (Krishnan et al., 2008). These results are
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consistent with our previously studied larger airways (Harvey et al., 2013). Similarly,
in a recent study by Pascoe et al. (Pascoe et al., 2014) application of two DI-like
stretches prior to activation with ACh of an isolated ASM strips provided no dis-
tinctive protection from eventual ASM shortening compared to stimulating the ASM
without prior DI.
In our previous study (Harvey et al., 2013), we found a high correlation between
the resultant strain imposed to an airway wall and the degree of recovery. In that
study (Harvey et al. 2013), we used a slightly different definition of strain. We
therefore recalculated the strains based on the definition used in this paper so direct
comparisons could be made. For the larger airways studied previously (Harvey et al.,
2013), we found that each additional 1% of strain imposed would result in a 13%
increase in recovery. However, a threshold of 2% strain was required to achieve any
recovery. If this linear trend held for the smaller airways, the 14.6% strain imposed by
the tidal-like PTM oscillations would have resulted in 97% recovery. Since this strain
only caused 41.2% recovery, the relationship between imposed strain and recovery
may not be universal for all airways of all sizes, but may be distinctive depending on
the airway size and airway wall composition.
In this experiment, we were able to test airways significantly smaller and more
compliant than our previous system allowed. Nevertheless, there is the potential that
even smaller airways deeper into the lung are more compliant and therefore exhibit
a larger bronchodilatory or bronchoprotective effect of breathing PTM oscillations.
However, in the relevant PTM range above 5 cmH2O, the airways we studied here
are likely of similar compliance as the terminal bronchioles. Figure 4·7 compares the
normalized PTM-diameter curves from smaller (green) and larger (blue) (Harvey et al.,
2013) bovine airways to predicted curves based on the model developed by Lambert
et al. (gray) (Lambert et al., 1982). Note that while airways deeper in the tree
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become much more compliant than our smaller airways from 0 to 2 cmH2O, the curves
converge for PTM above 5 cmH2O. This provides evidence that PTM oscillations applied
to even smaller airways would not result in significantly more strain. Nonetheless,
even smaller airways might show a differential response to PTM oscillations if they
have a different ratio of ASM to extracellular matrix (ECM) even with comparable
compliances with the airways studied here. Future studies performed on smaller
airways are necessary to confirm this, though some evidence suggests the strain-
recovery relationship is similar in even smaller airways embedded within lung slices
when constricted by a similar amount (Lavoie et al., 2012).
-10 -5 0 5 10 15 20 25
0.0
0.2
0.4
0.6
0.8
1.0
Small Airways
Large Airways
Lambert Model
gen = 0,1
4
8
16
2
6
12
Transmural Pressure (cmH 2O)
D
/ 
D
T
L
C
Figure 4·7: Comparison of normalized deflation PTM-diameter curves
from our smaller (green) and larger (blue) (Harvey et al., 2013) bovine
airways to the predicted relationship by Lambert et al. (gray) (Lam-
bert et al., 1982) for all generations from 0 (trachea) to 16. In the
typical breathing range above 5 cmH2O, generation 6 and above con-
verge onto one curve and closely match the properties of the smaller
airways studied in this paper.
In this study, we chose to impose slightly amplified tidal-like breathing (i.e., PTM
= 5-15 cmH2O). Given the PTM-diameter properties of the airways we studied (see
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Figure 4·3, this amplitude of oscillations ensured that we imposed close to the maxi-
mum potential strains achievable. While in vivo experiments assess bronchoprotection
by imposing a series of DIs immediately prior to a challenge (Kapsali et al., 2000;
Malmberg et al., 1993; Scichilone et al., 2000; Scichilone et al., 2001a), we chose not
to look at these artificial PTM conditions since people naturally only take a DI every
6 min (Bendixen et al., 1964) rather than continuously breathing from 5-30 cmH2O.
We decided not to simulate these occasion DIs since their effect is known to be tran-
sient, with the effect gone in less than 6 minutes, and the majority gone within 1 to
2 minutes (Noble et al., 2011; Malmberg et al., 1993; Black et al., 2004).
Among the plethora of studies that have explored the effect of breathing dynamics
on reactivity of isolated ASM strips, it turns out very few have examined the effect of
prior oscillations on the effect of future force generation or shortening. The limited
number of studies that did attempt look at this effect found at best a minimal effect
of the prior oscillations (Wang et al., 2000; Pascoe et al., 2014). Taken together
with previous (Harvey et al., 2013; Noble et al., 2011) and the current intact airway
studies we can now conclude that while breathing oscillations can partially reverse
the narrowing of constricted airway, there is little evidence that periodic stretching
protects airways from abnormally constricting in the first place.
Our results refute the notion that an otherwise healthy airway can transition to
one that is hyperreactive in a fashion similar to asthma simply by prohibiting its
dynamic wall movements associated with breathing. Consequently, we conjecture
that there is something fundamentally different about asthmatic airways other than
simply a transition of their ASM due to altered airway dynamics. Several alterna-
tive hypotheses have been proposed (Lutchen, 2014). One hypothesis states that
chronic inflammatory conditions might lead to hyperresponsive airways through a
phenomenon known as force adaptation (Bosse´ et al., 2011; Bosse´ et al., 2010a; Bosse´
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et al., 2009). In particular, Bosse´ et al. hypothesized that chronic low levels of airway
inflammation can lead to sustained increased basal ASM tone, resulting in the force
adaptation process and ASM that is capable of generating increased force in response
to an additional contractile stimulus. This phenomenon still needs to be tested at
the intact airway level. Of course, chronic exposure to increased tension can result
in remodeling of several other constituents within the walls of airways besides the
ASM. Hence, it is likely that for an airway to transition from healthy to hyperreac-
tive requires a confluences of phenomena (including but not exclusively dynamics)
that alter the ASM and the constituents of the ECM within which it contracts when
exposed to an agonist. Since this experiment was designed to study the short term
effects of PTM oscillations, the consequences of airway wall remodeling could not be
observed.
The change in caliber of an airway to agonist, and indeed the force and stiffness
of the ASM itself should be co-dependent on the composition and stiffness of the
ECM in the airway wall (An et al., 2009; Parameswaran et al., 2014; Krishnan et al.,
2009; Hiorns et al., 2014). Hence, mechanisms of exaggerated airway narrowing and
force generation proposed at the level of ASM isolated from its native ECM may not
necessarily translate to the level of the airway let alone the intact human. Also, most
experiments examining the effect of stretching on ASM force generation use tracheal
ASM strips which may have distinct properties and cell phenotypes from bronchial
ASM (Ma et al., 1997). Importantly, testing hypotheses generated from isolated ASM
strips or even isolated intact airways in vitro is problematic because of the plethora
of confounding factors at the level of the whole organ. We have recently described
and cited evidence of several explanations for how lack of periodic volume changes
in healthy subjects would amplify reactivity in ways independent of ASM dynamics
(Lutchen, 2014), including heterogeneity (Gillis and Lutchen, 1999; Venegas et al.,
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2005; Kaczka et al., 2009; Lutchen et al., 2001), emergent atelectasis (Black et al.,
2004), and increased mean pressures with larger tidal volumes (Shen et al., 1997).
Furthermore, a relatively minor change in airway caliber can potentially synergize
with other factors to be significant at the whole lung level, especially since airway
resistance is inversely proportional to diameter to the fourth power (Pascoe et al.,
2014).
Following a challenge in vivo there is clearance of spasmogens and therefore con-
centration decreases over time. In this study, airways were exposed to a constant
concentration of ACh throughout our protocols. We choose to do this because very
little quantitative information is known on important parameters such as clearance
rate and addition of an extra variable would make interpretation of ours results more
difficult. Moreover, it is not clear how long ASM agonists persist in the airways dur-
ing an actual asthma attack. Interestingly, in the absence of DIs, airway resistance
remains elevated for at least 30 min following a challenge but the bronchodilatory
effect of DI increases over this time, presumably because the concentration of agonist
has decreased (Chapman et al., 2014). Similarly, in isolated airways, the effect of
PTM oscillations is greater when a bronchodilator is added to a constricted airway
(Ansell et al., 2014). Future studies are needed explore the effect of a decreasing
concentration of the effectiveness of a DI to reverse narrowing of an isolated airway.
All of the experiments presented here and our previous studies were performed
on bovine airways (LaPrad et al., 2010; Harvey et al., 2013). Human airways have
slightly different compositions and mechanical properties. In particular, the specific
compliance during PTM oscillation from 5-10 cmH2O is 0.02-0.03 cmH2O
−1 in human
airways (Noble et al., 2011; Noble et al., 2013), while similar sized bovine airways have
a specific compliance of 0.01 cmH2O
−1 (Harvey et al., 2013). Nevertheless, Noble et
al. have done similar experiments on larger sized human airways with results similar
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to our bovine larger airways (Noble et al., 2011; Noble et al., 2013). It remains to
be shown whether the same will happen when comparing analogous small human
airways to our smaller bovine ones.
In conclusion, we showed that, compared to previously studied larger airways,
the smaller airways were more compliant, and therefore PTM oscillations resulted in
more strain and an increased recovery from constriction as compared to larger, stiffer
airways. By implication, then, loss of a capacity to impose strain on a constricted
airway could contribute to the inability for asthmatics to partially reverse an attack.
Conversely, our data do not support the notion that asthmatic airways emerge simply
due to phenomena that would diminish airway wall fluctuations during breathing and
a DI.
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Chapter 5
Estimation of the Spatial
Distributions of Displacements
throughout an Airway Wall during
Breathing and Constriction Using
Finite Element Image Registration
Harvey B.C., Lutchen K.R., Barbone P.E. Spatial Distribution of Airway Wall Dis-
placements during Breathing and Constriction Measured by Ultrasound Elastography
Using Finite Element Image Registration. Ultrasonics. (In Preparation)
5.1 Introduction
The lungs and branching network of airways are periodically stretched with every
breath. The luminal diameter of an airway, which determines the resistance to flow,
is believed to be determined as a dynamic equilibrium of the forces which favor
narrowing and those that oppose narrowing (Harvey and Lutchen, 2013). Specifically,
the forces of tidal breathing and deep inspirations (DIs) potentially prevent excessive
airway narrowing in healthy subjects through straining of the airway smooth muscle
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(ASM) embedded within an airway wall (Fredberg et al., 1997). This beneficial
effect of a DI is absent in asthmatics (Brown et al., 2001; Fish et al., 1981; Jensen
et al., 2001; Kapsali et al., 2000), and it has been hypothesized that this is because
asthmatic are unable to sufficiently strain their ASM during a DI, leading to airways
that are stiffer and more reactive. Therefore, the role of stretching of the ASM
within an airway wall during breathing is currently of great interest in understanding
asthma. While most researchers have focused on the effect of stretching of strips of
isolated ASM, the airway wall is made of several different components which together
create a nonlinear, heterogeneous, thick-walled cylinder. In contrast to the results
from isolated ASM strip experiments, recent studies performed on airway segments
suggest that transmural pressures simulating tidal breathing and DIs are ineffective at
preventing future airway narrowing and only moderately effective at reversing induced
constriction (Harvey et al., 2015; Harvey et al., 2013; Noble et al., 2011; Noble et al.,
2013). The heterogeneous composition and mechanical properties throughout an
airway wall likely modulate the strain felt by the ASM. Therefore, understanding
the spatial distribution of displacements and strains throughout the thickness of an
airway wall could lead to better understanding of airway narrowing by elucidating
contributions of different tissue types to the mechanical behavior of the airway, and
the role that breathing and DIs play in modulating airway narrowing.
Elastography is technique to image tissue based on contrast in mechanical prop-
erties (Ophir et al., 1991). In quasistatic elastography, a tissue is imaged before and
after a force is applied and the resulting images are compared to estimate tissue de-
formation. These deformations are then visualized directly (e.g., straining imaging)
or used to infer the mechanical properties of the tissue via modulus reconstructions.
The technique can be applied to many different image modalities such ultrasound,
magnetic resonance, and optical coherence tomography. In this study, ultrasound
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image was utilized due to its high axial resolution and phase information, high frame
rate, and availability. Elastography has many different applications (Szabo, 2014)
such as detecting breast tumors (Garra et al., 1997) and predicting plaques vulner-
able for rupture in atherosclerosis (de Korte et al., 2000; de Korte et al., 2002), but
has never been used to study the spatial distribution of displacements throughout an
airway wall.
Many different approaches have been developed to estimate tissue motion from
ultrasound image sequences. Among the most common is block matching using nor-
malized cross-correlation (Ophir et al., 1991). In this approach, the motion within
each block of pixels is assumed to be uniform. While the block matching method is
computationally inexpensive and easy to implement, it performs poorly at estimat-
ing displacements in regions of highly heterogeneous deformation or large strains, it
has recognized biases when estimating sub-sample displacements, and incorporating
prior information through regularization in a systematic way is cumbersome. In this
study we utilized a finite element based image registration approach similar to the
deformable grid methods introduced by Richards et al. (Richards, 2007; Richards
et al., 2009). These methods easily accommodate arbitrary geometries, allow for
large local strain within an element, and accommodate prior information through
regularization in a natural way. They have the drawback that they are comparatively
computationally costly, which for the present application was not a concern.
In this study, we successfully optimized our finite element image registration
method to measure the spatial distribution of displacements and strains through-
out an airway wall during pressure inflation within the physiological breathing range
as well monitor tissue motions during induced narrowing. The magnitude and spatial
distributions of the airway wall before and after bronchoconstriction of the airway are
compared. To measure large deformation over the entire physiological range of PTM,
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we incrementally match images captured over small changes in PTM. We estimate the
strain distributions throughout the airway walls which are used to gain insight into
the relative stiffnesses of the different airway wall components. The results from this
study can be used to solve an inverse elasticity problem to reconstruct the material
properties of the wall components.
5.2 Methods
5.2.1 Intact Airway System
An intact airway (main stem bronchus, generations 4-10, 35 mm long) was dissected
from a fresh bovine lung (Research 87, Boylston, MA) and side branches were ligated
to form a leak-free airway. Cannulas were inserted into each end and the airway was
mounted inside a tissue bath with heated (37◦C, 5% CO2) Krebs solutions (Sigma, St.
Louis, MO). The entire setup was secured to an optical table supported by pneumatic
vibration isolators (Newport Corporation, Irvine, CA) to isolate the system from
building vibrations and increase displacement signal to noise ratio (SNR) (Figure 5·1).
The airway was stretched to 120% of its resting length to mimic airway lengthening
during breathing and its length was held fixed throughout the experiment (Noble
et al., 2005). The pressure inside the airway was controlled by modulating the height
of fluid in a pressure column in series with the airway (LaPrad et al., 2010). Following
60 min in the heated bath, tissue viability was confirmed with electric field stimulation
(EFS) as previously described (Harvey et al., 2015; Harvey et al., 2013; LaPrad et al.,
2010; LaPrad et al., 2008).
5.2.2 Ultrasound Data Acquisition
Ultrasound radio frequency (RF) data was collected and digitized to 16-bits at 40
MHz using an ultrasound system (SonixTablet, Ultrasonix Medical Corporation,
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Figure 5·1: Modified intact airway system mounted on an optical
table for collection of ultrasound data of an intact airway at different
transmural pressures.
Richmond, BC, Canada). A 128 element linear array transducer (L40-8/12, 12 mm
width) was partially submerged in the tissue bath and mounted less than 7 mm above
the outer edge of the airway and positioned parallel to the long axis of the airway
segment (Figure 5·2). The imaging plane of the transducer cuts through the middle
of the airway along its length and the region was more than two diameters away from
the proximal and distal cannulas to minimize end effects. This transducer orientation
allowed for the dominant displacement component to be aligned with the direction of
ultrasound propagation. The field of view in the axial and lateral directions was 22
mm and 12 mm, respectively, and the axial and lateral pixel size was 18.7 µm and
46.9 µm, respectively. The resolution in the axial direction was approximately 103
µm. The transducer had a center frequency of 15 MHz and -6 dB bandwidth from
10.5-19.5 MHz. The RF data was upsampled by a factor of two using the fast Fourier
transform interpolation method in order to improve the discrete integration of the
image during processing.
To normalize for volume history, PTM is slowly cycled three times between -10 to
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Figure 5·2: Intact airway mounted in the tissue bath with high fre-
quency ultrasound transducer mounted above.
25 cmH2O at a constant rate of 1 cmH2O/s. Ultrasound image data was first collected
at static transmural pressures from -10 to 25 cmH2O and back to -10 cmH2O. Data
was collected increments of 0.5 cmH2O expect in the range of PTM where airways
are most compliant (i.e., -5 to 10 cmH2O), where data was collected in increments of
0.2 cmH2O. The airway was held for approximately 5 s at each PTM before data was
captured. Two full cycles were recorded to verify measurement repeatability.
The airway was then exposed to cumulative doses of ACh (10−6, 10−5, and 10−4 m)
and allowed to narrow against a constant PTM of 5 cmH2O for 10 min at each dose.
During the constriction, ultrasound data was collected at a frame rate of 1.5 Hz in
order to visualize narrowing dynamics. After the largest dose of ACh, ultrasound
data was again collected from -10 to 25 cmH2O and back to -10 cmH2O.
During tidal breathing, PTM fluctuate between approximately 5 cmH2O at end-
expiration and 10 cmH2O at end-inspiration. During DIs, which people naturally
take every 6 min (Bendixen et al., 1964), PTM increases to approximately 25 cmH2O.
5.2.3 Histology
After the collected of the final measurement the airway was allowed to relax for 60
min in fresh Krebs solution to allow the airway to return to its baseline state. Samples
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were then cut along the length of the ultrasound imaging plane (12 mm) from the top
and bottom walls and immediately dropped in 10%, neutral buffered formalin fixative
(Sigma, St. Louis, MO) for histological processing. Samples were then sectioned and
stained with Movat’s pentachrome (Mass Histology Service, Worcester, MA). The
histological slides are analyzed in chapter 6 to correlate the material proprieties with
the components of the airway wall.
5.2.4 Displacement Estimation
Edge Detection and Mesh Generation
An automated segmentation algorithm developed in MATLAB (MathWorks, Natick,
MA, USA) was used to determine the location of the airway walls, as previously
described in chapter 4. RF data was first converted to B-Mode (Dau, 2010) through
finite impulse response filtering, envelope detection, non-linear compression, and scan
conversion. The airway walls were then segmented from the Krebs solution using the
methods developed in chapter 4 by thresholding the image (Otsu, 1979) followed
by morphological operations (e.g., smoothing) to form contiguous walls with smooth
boundaries.
An unstructured, quadrilateral finite element mesh was then generated from ap-
proximately equally spaced (in real space) nodes on the identified airway boundary
for both airway walls (Geuzaine and Remacle, 2009).
Image Registration using Finite Elements
The recorded RF ultrasound data, RFt(t, n), is a function of echo transit time, t, and
the line number, n. This data is scan converted to physical Cartesian coordinates,
based on the speed of sound, c, and the distance between RF lines, dy:
RF (x, y) = RFt
(
t
c
, n · dy
)
. (5.1)
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Spatial deformation distributions through the airway walls were estimated using
a finite element image registration technique adapted from the method described by
Richards et al. (Richards, 2007; Richards et al., 2009). The deformation required
to map the reference image of the tissue, I1(X), and the image after a mechanical
perturbation (i.e., a small change in PTM), I2(X)) is assumed to result directly from
underlying tissue motion, u(X). For clarity, we define X = (x, y) as a two dimensional
position vector.
I1(X) = I2 (X + u(X)) . (5.2)
To find u(X), the displacement vector of the tissue originally at spatial location, X,
the following functional was minimized using the Gauss-Newton method:
Π [u(X)] =
1
2
∫
Ω
[I2 (X + u(X))− I1(X)]2 dΩ + α
2
∫
Ω
(∇u− εt)2 dΩ. (5.3)
The first term of the functional, Fmismatch, minimizes the difference between motion
compensated image pairs over the spatial domain of interest. The second term, Freg,
is a H1-seminorm regularization term which penalizes large gradients in u(X). The
target strain, εt, in the axial direction is estimated based on the mean displacement
of the outer and inner walls and is used to correct for the expected gradient of u(X).
The strength of regularization is determined by the user selected parameter, α. Our
method for choosing α is described in section 5.2.4.
Finite Element Implementation
The Gauss-Newton method was used to find u(X) which minimizes Π(u). The Euler-
Lagrange equation for Equation 5.3 is:
dΠ (u+ εw)
dε
∣∣∣∣
ε→0
=
∫
Ω
(I2(u)− I1)∇I2(u) · w dΩ + α
2
∫
Ω
∇w · ∇u dΩ set= 0. (5.4)
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Equation 5.4 is solved iteratively:
u = u0 + δu (5.5)
where u0 is the previous estimate of the displacements and δu is the update. Substi-
tuting Equation 5.5 into Equation 5.4, gives:
1
2
∫
Ω
(I2(u0 + δu)− I1)∇I2(u0 + δu) · w dΩ + α
2
∫
Ω
∇w · ∇ (u0 + δu) dΩ = 0. (5.6)
Equation 5.6 is then expanded using a first order Taylor series as:∫
Ω
w · (I2(u0)−∇I2(u0) · δu− I1) (∇I2(u0) +∇∇I2(u0) · δu) dΩ
+α
∫
Ω
∇w · ∇u0 +∇w · ∇δu dΩ = 0.
(5.7)
To simplify Equation 5.6, terms O(‖δu2‖) are neglected and we make the Gauss-
Newton approximation (i.e., (I2(u0) − I1) ≈ O(‖δu‖)). With these assumptions, we
arrive at the final, linearized weak form:∫
Ω
w · ∇I2(u0)⊗∇I2(uo) · δu dΩ + α
∫
Ω
∇w · ∇δu dΩ
=
∫
Ω
w · ∇I2(u0) (I2(u0)− I1) dΩ− α
∫
Ω
∇w · ∇u0 dΩ.
(5.8)
We use Equation 5.8, to solve for δu at each iteration and create a new guess for u0
using Equation 5.5. In order to solve Equation 5.8, we discretized the function u and
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its variants using bi-linear interpolation on quadrilateral finite elements. Specifically:
u0 ≈ uh0 =
N∑
A=1
2∑
j=1
NA(x, y)uA0j eˆj (5.9)
w ≈ wh =
N∑
A=1
2∑
j=1
NA(x, y)wAj eˆj (5.10)
δu ≈ δuh =
N∑
A=1
2∑
j=1
NA(x, y)δuAj eˆj (5.11)
∇uh0 =
N∑
A=1
∇NA(x, y)uA0j =
N∑
A=1
(
∂NB
∂x
eˆx +
∂NA
∂y
eˆy
)
uA0j eˆj (5.12)
∇wh =
N∑
A=1
∇NA(x, y)wAj =
N∑
A=1
(
∂NB
∂x
eˆx +
∂NA
∂y
eˆy
)
wAj eˆj. (5.13)
where N is the number of nodes in the mesh, j = 1, 2 are the x and y directions,
respectively, uA0 (x, y), w
A(x, y), and δuA(x, y) are the nodal values for the discretized
vector functions u0(x, y), w(x, y), and δu(x, y), respectively, and N
A
j (x, y) are linear
shape functions associated with node A. The discretized form of Equation 5.8 is then:∫
Ω
wAi N
AI2,i(u
h
o)I2,j(u
h
o)N
BδuBj dΩ
 δuBj + α ∫
Ω
wAi N
A
,i N
B
,j δu
B
,j dΩ =∫
Ω
wAi N
AI2,i(u
h
o)
(
I2(u
h
o)− I1
)
dΩ + α
∫
Ω
wAi N
A
,i N
B
,j u
B
0,j dΩ
(5.14)
where we define:
NA,x =
∂NA
∂x
. (5.15)
Equation 5.14 can be represented in matrix form as:
KA,Bi,j (u
h
o)δu
B
j = f
A
i (5.16)
where KA,Bi,j is the stiffness matrix with dimensions (2N)x(2N), f
A
i is the forcing vector
with dimension (2N)x1. The components of KA,Bi,j and f
A
i are known and therefore
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we can solved for the vector δuBj , with dimensions (2N)x1.
Though u(X) varies linearly over each element, the RF image intensities may
oscillate significantly over an element. Therefore, rather than standard low-order
Gauss quadrature over each finite-element, the parent domain of each element was
divided into sub-domains. Integration over each sub-domain was performed using
3x3 point Gaussian quadrature. RF images were evaluated at each Guass integration
point in the sub-domains using cubic Lagrange polynomial interpolation of the image
intensity from neighboring pixel values. The number of element sub-domains was
chosen to ensure exact evaluation of the cubic interpolated image polynomials.
Initial Guess
Since the Gauss-Newton method is an iterative method, an initial guess is required.
When matching RF images, we found the results significantly depended on the choice
of the initial guess. We found the following two-step procedure gives reliably repeat-
able results for an image pair. For the first step, an initial guess for u(X) was chosen
as the spatial linear interpolation of the mean displacements of the inner and outer
edge detected walls. This displacement estimate is then refined by registering the
envelope detected image data (i.e., I(X) = abs(hilbert(RF (X)), where hilbert refers
to the Hilbert Transform) according to Equation 5.3. Matching the envelope detected
data first helps to avoid local minima when matching RF data. The output of this
process was then used as the initial guess for matching of RF (X).
Regularization Strength
The correct value for α depends on the images, SNR, and the magnitude of the
displacements. We therefore used the L-curve method to determine the best value
of α for our data (Hansen, 1992; Hansen and OLeary, 1993). Specifically, Fmismatch
was plotted vs. Freg on a log-log plot. The optimal α was chosen at corner of the
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resulting L-curve. This value of α represents a balance between the image matching
error and regularization (i.e., smoothing) error. The image matching component of
the functional was calculated after each iteration to ensure the algorithm converged.
Successive Image Matching and Lagrangian Displacement Estimation
A large deformation can be computed by matching successive pairs of images in a
long sequence of images. If in the process of matching these images in the sequence,
one uses the same finite element mesh (i.e., one keeps the finite element nodes fixed
in space), then the resulting displacement field represents an Eulerian description of
the displacement field. We sought to measure, however, a Lagrangian displacement
distribution over the full range of PTM. To do so, we incrementally matched images
captured at increasing PTM. For each displacement increment, the finite element
nodes were moved from their original positions to updated positions determined by
the estimated displacement. The next two images were then matched on the updated
mesh. Thus the finite element mesh followed individual tissue regions throughout
the pressure increments. We then calculated the total displacement of each node on
the original mesh by simply summing the incremental displacements to thus obtain
the Lagrangian description of the total displacement field. In a similar manner,
airway narrowing was visualized by matching successive frames after the airway was
activated.
Sign Convention and Strain Calculation
Radial outward displacement is defined as positive, while radial inward displacement is
defined as negative. In order to gain insight into the mechanical property distribution
throughout the airway wall, strain fields in the radial (i.e., y) direction were calculated
as ∂ur/∂R using the GradientOfUnstructuredDataSet filter in ParaView (Ayachit,
2015). Here, ur is the displacement in the radial direction and R is the radial distance
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from the axis of the airway. Circumferential strain was calculated as ur/R. We defined
compressive strain as negative and tensile strain as positive.
Quality Assurance
Two different metrics of quality assurance were applied to ensure the results were
internally consistent. One is a metric that measures the quality of the image registra-
tion process which assures that the images are well matched. Having well matched
images is necessary, but not sufficient, to having a good displacement field. Therefore,
another test was performed to measure displacement accuracy and consistency.
To measure how well the images were matched, the quality of the image registra-
tion itself was quantified within each element. To do so, the quantity s was computed
within each element, e, as the normalized L2 norm of the difference in the motion
compensated image pairs:
se =
∫
Ωe
[I2 (X + u(X))− I1(X)]2 dΩ√∫
Ωe
(I1(X))2 dΩ
∫
Ωe
(I2(X + u(X)))2 dΩ
. (5.17)
A value of se of 0 corresponds to a perfect matching of the data within an element
while values of greater than 1 correspond to poorly matching data. The mean value
of se over all elements was confirmed to converge.
A second check is on self-consistency of the measured displacements. To test this,
the displacements from matching data at all PTM increments (i.e., increments of 0.2
cmH2O) were compared to matching every other PTM increment (i.e., increments of
0.4 cmH2O) in the tidal breathing range. This test assures that registering different
images in a sequence gives the same displacement field.
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5.2.5 Comparison to homogeneous thick-walled cylinder ap-
proximation
A stress-strain relationship was estimated from the inflation PTM-diameter data as-
suming a homogeneous, thick-walled and incompressible cylinder and following the
technique described in (Costanzo and Brasseur, 2013). The Cauchy shear stress, τ ,
was calculated as:
τ =
PTM
2 ln (ro/ri)
(5.18)
where ri and ro are the inner and outer radii, respectively, at a given PTM. The
Cauchy shear strain (B) was defined as:
B =
1
2 ln (ro/ri)
(
1
2λ2z
(
R2o
r2o
− R
2
i
r2i
)
+
1
λz
ln
(
riRo
roRi
))
(5.19)
where Ri and Ro are the inner and outer radii, respectively, at PTM = 0 cmH2O.
The stretch ratio in the longitudinal direction, λz, for an isotropic, incompressible
material, is given as:
λz = (R
2
o −R2i )/(r2o − r2i ). (5.20)
An effective shear modulus was defined as the ratio of Cauchy shear stress to shear
strain:
µeff =
τ
B
= PTM
[
1
2λ2z
(
R2o
r2o
− R
2
i
r2i
)
+
1
λz
ln
(
riRo
roRi
)]−1
. (5.21)
Combining Equation 5.20 and Equation 5.21, we can numerically solve for ri and
calculate the radial displacement throughout the thickness of the airway wall, ur, as:
ur = r −R =
√
r2i +
(R2 −R2i )
λz
−R (5.22)
where Ri ≤ R ≤ Ro.
To help visualize how the displacement varied throughout the thickness of the
walls, each wall was binned into equally spaced distance from the inner wall to the
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outer wall. The radial displacements in each layer were averaged and compared to
the approximations of a homogeneous, thick-walled cylinder.
5.3 Results
5.3.1 Quasistatic Inflation
Figure 5·3a shows the mean luminal diameter calculated using the detected edges
along the length of the airway as a function of PTM in both the relaxed (black) and
constricted (gray) state. In the relaxed curve, the solid symbols are data from the
first recorded cycle while the open symbols are from the second cycle. The solid
lines show averaged and smoothed curves. The relaxed airway is most compliant
between PTM of -5 and 10 cmH2O and then becomes very stiff. The constricted
airway is much stiffer than the relaxed state between PTM of -5 and 10 cmH2O, but
continues to dilate above a PTM of 10 cmH2O. Interestingly, the increased stiffness
of the constricted airways prevents full closure even at negative PTM. Figure 5·3b
shows the Cauchy shear stress as a function of the Cauchy-Green shear strain. The
relaxed airway displays a nonlinear stress-strain relationship at high strains, while the
constricted airway is stiffer and nearly linearly over the range of strains studied. The
two relaxed and constricted airway are subjected to the same range of PTM (i.e., -10
to 25 cmH2O), but the shear stress (i.e., the non-pressure component of the stress)
is much higher in the more compliant, relaxed airway than in the stiffer, constricted
airway.
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Figure 5·3: (a) Quasistatic PTM-diameter relationship of an intact
airway segment. PTM is slowly increased from -10 to 25 cmH2O and
back to -10 cmH2O twice. Closed circles represent the first recorded
loop, open circles the second loop, Gray circles depict the PTM-diameter
relationship after induced narrowing with 10−3m ACh. Red lines show
binned average of the curves (b) Cauchy shear stress-strain relationship
computed from the data in (a) for the relaxed (black) and constricted
(gray) airway.
Figures 5·4a to 5·4d depicts B-mode ultrasound data collected at four notable PTM:
Figure 5·4a: 0 cmH2O (undeformed state), Figure 5·4b: 5 cmH2O (PTM corresponding
to functional residual capacity (FRC)), Figure 5·4c: 10 cmH2O (PTM corresponding
to end inspiration during tidal breathing), Figure 5·4d: 15 cmH2O (PTM at end
inspiration of exaggerated breathing, after the plateau of PTM-diameter relationship).
The inner and outer wall detected edges are overlaid. As the PTM increases, the
luminal diameter increases while the wall thickness decreases since the tissue is nearly
incompressible.
Figure 5·4e shows the initial mesh on the airway walls at PTM = 0 cmH2O. The
mesh used consisted of approximately 250 quadrilateral finite elements in each wall.
Each element contained between 50-250 RF pixels. Figures 5·4f to 5·4h show the
Lagrangian radial displacement of the airway due to an increase in PTM from 0 up to
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5, 10, and 15 cmH2O, respectively. Overlaid on each image are the deformed meshes
with each node moved by its estimated displacement, u(X). The displacements are
longitudinally and radially heterogeneous, with the deformation greatest near the
inner lumen and decreasing throughout the thickness of the wall. The pattern of
deformation is qualitatively similar for the three magnitudes of PTM.
(a) 0 cmH2O (b) 5 cmH2O (c) 10 cmH2O (d) 15 cmH2O
(e) 0 cmH2O (f) 0-5 cmH2O (g) 0-10 cmH2O (h) 0-15 cmH2O
Figure 5·4: Top: B-mode image of an isolated airway segment at 0
(a), 5 (b), 10 (c), 15 (d) cmH2O. Middle: Estimated Lagrangian radial
displacement of the airway due to an increase in PTM from 0 up to 5
(f), 10 (g), and 15 (h) cmH2O with deformed meshes (green) overlaid.
Panel (e) depicts the initial finite element mesh at 0 cmH2O.
Figures 5·5a to 5·5d show the radial strain maps as PTM changes from 0 (Fig-
ure 5·5a) up to 5 (Figure 5·5b), 10 (Figure 5·5c), and 15 (Figure 5·5d). Interestingly,
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the middle layer of the airway wall appears to compress significantly more that the
regions closer to the inner and outer walls, implying a more compliant material. The
pattern of strains remains relatively constant at the three different PTM levels. In
the bottom wall, areas of low strain are visible which might correspond to cartilage
plates within the wall. Figures 5·5e to 5·5h show the circumferential strain resulting
from the same increases in PTM from 0 cmH2O. The circumferential strain is highest
near the lumen and decreases toward the outside of the wall.
(a) 0 cmH2O (b) 0-5 cmH2O (c) 0-10 cmH2O (d) 0-15 cmH2O
(e) 0 cmH2O (f) 0-5 cmH2O (g) 0-10 cmH2O (h) 0-15 cmH2O
Figure 5·5: Radial (top) and circumferential (bottom) strain fields for
the undeformed airway (a, e) and due to an increase in PTM from 0 to
5 (b, f), 10 (c, g), 15 (d, l) cmH2O.
Figure 5·6 quantifies the radial distribution of displacements throughout the top
(black) and bottom (gray) airway walls and compares the results to those predicted
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by the thick-walled cylinder approximation for a cylinder with µeff = 0.8 kPa. As
expected, the radial displacement decreases with 1/r from the inner to outer wall.
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Figure 5·6: Binned and averaged radial distribution of displacements
throughout the top (black) and bottom (gray) airway walls compared
to distribution predicted by a homogeneous thick-walled cylinder with
the same µeff (red).
5.3.2 Displacements and Strains During Breathing
In subsection 5.3.1, we calculated the Lagrangian displacements throughout the air-
way wall relative to the unstressed condition at PTM = 0 cmH2O. In vivo, the airways
are prestressed and breathing occurs above FRC which is typically assumed to be at
PTM = 5 cmH2O. We calculated the displacement and strains in the tidal breathing
range from 5 to 10 cmH2O (figures 5·7a and 5·7c) and due to an increase in PTM from
5 to 25 cmH2O simulating a DI (figures 5·7b and 5·7d).
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(a) 5 to 10 cmH2O (b) 5 to 25 cmH2O
(c) 5 to 10 cmH2O (d) 5 to 25 cmH2O
Figure 5·7: Radial displacement fields of a relaxed airway during tidal
breathing from 5 to 10 cmH2O (a) and during a DI from 5 to 25 cmH2O
(b) and corresponding radial strain maps in (c) and (d), respectively.
Figure 5·8 shows the corresponding displacements and strains of the constricted
airway. After narrowing, the displacements are much smaller than the relaxed airway
and the pattern of displacements has changed, suggesting the airway did not stiffen
homogeneously.
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(a) 5 to 10 cmH2O (b) 5 to 25 cmH2O
(c) 5 to 10 cmH2O (d) 5 to 25 cmH2O
Figure 5·8: Radial displacement fields of a constricted airway (10−3 m)
during tidal breathing from 5 to 10 cmH2O (a) and during a DI from
5 to 25 cmH2O (b) and corresponding radially strain maps in (c) and
(d), respectively.
5.3.3 Airway Narrowing
Figure 5·9a shows the mean luminal diameter of the airway while exposed to increasing
doses of ACh. Figure 5·9b is a detailed view of the airway’s luminal diameter in
response to (10−5 m) ACh where displacements were tracked. The white circles show
frames which were matched which were chosen when the displacement of the luminal
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walls had moved by more than a chosen threshold (> 2 pixels). The red open circles
highlight five time points of interest shown in figure 5·10.
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Figure 5·9: (a) Mean luminal diameter of an airway after exposed
to three increasing does of ACh. The gray section in (a) is expanded
in (b). Frames that were used for matching are indicated by white
circles and red open circles indicate time points of interest shown in
Figure 5·10.
B-mode Figures 5·10a to 5·10e, initial mesh (Figure 5·10f), and displacements
(Figures 5·10g to 5·10j) are shown at each of the points of interest from Figure 5·9b.
The narrowing is heterogeneous along the length of the airway as the constriction
proceeds. In Figures 5·10b and 5·10g, the proximal portion begin to narrow. Shortly
after, in Figures 5·10c and 5·10h, the distal portion of the airway narrows. As the
narrowing continues, the constriction proceeds (Figures 5·10d and 5·10i) as a wave
from the distal to proximal side and by the final time point in Figures 5·10e and 5·10j,
the entire length of the airway narrowed.
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(a) t = 0.88 min (b) t = 1.12 min (c) t = 1.31 min (d) t = 2.12 min (e) t = 2.99 min
(f) t = 0.88 min (g) t = 1.12 min (h) t = 1.31 min (i) t = 2.12 min (j) t = 2.99 min
Figure 5·10: B-mode (a-e), initial mesh (f), and displacements (g-j)
at each of the points of interest from Figure 5·9b. The narrowing is
heterogeneous along the length of the airway as the constriction pro-
ceeds.
5.3.4 Regularization Tuning
Figure 5·11 shows the L-curve comparing Fmismatch and Freg when the data at 0 cmH2O
was matched to 0.2 cmH2O for values of α range over three decades. The optimal
value of α was chosen at the corner of this curve at 5.6× 107. This value was found
to be consistently the optimal value for matches at different PTM and therefore was
used for all matches. The displacements calculated when using these values of α were
consistent with the optimal value determined by subjective visual inspection of the
displacement maps. The regularization strength in the direction perpendicular to the
ultrasound propagation (αx) was set to be 100 times larger than the regularization
strength in the direction of propagation (αy) in order to suppress the spurious noisy
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lateral displacements.
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Figure 5·11: L-curve analysis used to chose the optimal regularization
strength, α. The value of the mismatch term of the function (Fmismatch)
is compared to the regularization term (Freg) on a log-log scale for a
wide range of α. The optimal α (red) corresponds to the corner of the
resulting curve. Note the reverse direction of the x-axis.
5.3.5 Quality Assurance
Figure 5·12 displays the progression of our method. In Figure 5·12a, an initial guess
based on the displacements of the detected edges is shown. The corresponding map of
mean match quality, se, is shown in Figure 5·12c, which is averaged for each element
over the PTM range. Our final estimate of displacements due to an increase in PTM
from 5 to 10 cmH2O is shown in Figure 5·12c, with the corresponding map of se
shown in Figure 5·12d.
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(a) (b)
(c) (d)
Figure 5·12: Progression of image registration process of airway in-
flated from a PTM of 5 to 10 cmH2O. The initial guess based on the
detected edges (a) results in a very poor image match (i.e., high se) (c).
The final displacement estimate field (b) matches the images very well
(i.e., low se) (d).
Two tests were performed to ensure our measurements were accurate and repeat-
able. First, two full inflation-deflation loops were recorded for the relaxed airway and
consistent results were obtained, as shown in Figure 5·3a.
Next, in the tidal breathing range of Ptm (5 to 10 cmH2O), ultrasound images
were collected in increments of 0.2 cmH2O (25 images total). The displacements
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obtained by matching all frames (i.e. 5.0, 5.2, 5.4, . . . , 10.0 cmH2O) were compared
to the displacements estimated by matching just the odd frames (i.e., 5.0, 5.4, 5.8,
. . . , 10.0 cmH2O) or just the even frames (i.e., 5.0, 5.2, 5.6, . . . , 10.0 cmH2O). The
mean difference in final displacements at each node was 8.4 µm (0.93%).
5.4 Discussion
In this Chapter, we optimized a finite element image registration technique to estimate
tissue motion within an airway wall. By incrementally matching ultrasound data
collected over the physiological range of PTM, the spatial distribution of displacements
during normal tidal breathing and during a DI were estimated. The displacements
calculated were heterogeneous, both longitudinally and radially through the thickness
of the wall. Further, deformations during active airway narrowing were tracked which
showed a large amount of temporal longitudinal heterogeneous deformation.
This study aimed to gain a better understanding of the complex way changes in
PTM imposed to a heterogeneous wall structure translate into strain of the individual
components of the airway wall. Of particular interest is the strain experienced by
the ASM layer embedded within the wall, since stretching of an isolated strip of
ASM causes a dramatic decrease in amount of force it can generate. We found that
the region of the wall closest to the inner lumen displaced the most; displacement
magnitude gradually decreased toward the outer wall. This is qualitatively consistent
with the prediction of a homogeneous thick walled cylinder (Figure 5·6). We found
that as PTM increased, different regions and components of the airway wall (i.e.,
epithelium, ASM, cartilage plates) experienced different strains. Specifically, we found
a region in the middle layer of the airway experienced greater radial strain during
inflation than the region closer to the inner and outer wall, implying that part of the
airway was more compliant than others. The ASM layer is located very close to the
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inner lumen, directly behind the basement membrane so is likely not contained in
this compliant region of the wall.
We also observed and quantified the temporal longitudinal heterogeneity of the
airway wall during induced narrowing (Figure 5·10). This behavior could be explained
by variation in the amount of ASM along the length of the airway. Alternatively, the
ASM might be equally distributed along the length but the mechanical properties
and relative amounts of other airway components could vary along the length and
account for this observation. It is also possible that the ACh is arriving at the ASM
at different times along the length, although this is unlikely given the way the agonist
is added to the bath.
As with any image registration technique, there are several sources of error which
limit the accuracy of our displacement estimates. First, we assume in Equation 5.2
that the deformation required to map an undeformed image to the deformed image
results from in plane tissue motion alone. Out of plane tissue motion and acoustic
artifacts such as reverberations could violate this assumption. The steps taken to
minimize these effects include proper orientation of the transducer such that most
of the movement occurred in the plane, and by collecting data over many small
increments of PTM.
Next, the highly oscillatory nature of the RF ultrasound data makes finding local
minima likely. To help avoid this, we used the movements of the inner and outer wall
to aid in the initial guess. We then used the displacements estimated by matching the
envelope-detected data as an initial guess for matching the RF data. Low values of
se for all elements in the domain confirmed that our solutions avoided local minima.
The accuracy of our results depends on both the noise inherent in the imaging
and measurement system and error introduced by the image registration algorithm.
Specifically, the ultrasound system is limited by its resolution and the digitization
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of the RF data to 16 bit integers. A high resolution transducer was utilized and
ultrasound imaging parameters such as line density (256 lines) and foci location (two,
one located near each wall) were optimized. We orientated the transducer such that
the majority of displacement was in the direction of ultrasound propagation since
the axial displacement resolution of ultrasound is significantly better than the lateral
resolution. Another source of noise is environmental vibrations which we minimized
by collecting data on a floating optical table.
The finite element based image registration technique utilized here is advanta-
geous to the typical rigid block matching technique because it allows for arbitrary
mesh geometries and distortion of elements. The regularization term was necessary
to make the optimization problem more well-posed and ensures more meaningful
displacement estimates. H1 semi-norm regularization typically forces boundary dis-
placement toward a zero strain condition, resulting in errors near the boundaries
(Richards, 2007). We mitigated this error by modifying the regularization term in
Equation 5.3 to include an estimate of the target strain, εt.
A unique method we implemented in this study was calculating the Lagrangian
displacements over a large range of PTM by matching the ultrasound data over many
small PTM increments and moving the finite element nodes by the estimated displace-
ments of the previous match. Calculations of these large displacements over many
small increments significantly increased the SNR of results and will allow for the
estimation of nonlinear mechanical properties in chapter 6.
We ensured the quality of our displacement estimates using two metrics. First, we
verified that, given the calculated displacement field, the RF data within each element
was well-matched between the undeformed and deformed images (see Figure 5·12d).
In addition, we calculated nearly identical results when matching only odd frames
compared to matching only even frames over a wide range of PTM (i.e., 5 to 10
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cmH2O). Comparing odd to even frames is a particularly challenging test because
almost no data is shared between the two calculations. In particular, only the end
frames (i.e., PTM = 5.0 and 10.0 cmH2O), out of the total of 26 frames are common
between the two datasets.
While this study advances a powerful technique to measure the displacements
throughout an airway wall, there are limitations that should be noted. First, the
airway was slowly inflated in small increments while capturing the ultrasound data.
However, in vivo, tidal breathing and DIs occur at a faster rate (i.e., 0.2-0.3 Hz).
This different loading rate might result in different deformations due to the tissue’s
viscoelastic and active properties. The frame rate of ultrasound is sufficiently high
to quantify displacements of an airway during physiological strain rates in a future
study.
In order to control for the viscoelastic effects of the tissue, ultrasound images
were captured at fixed intervals of 5 s during the inflation of the airway. However,
the airway is an active, living tissue. The discontinuities observed in Figure 5·3a
during the inflation limb of the PTM-diameter curve are potentially attributable to
the intrinsic tone of the ASM. This region of the curve potentially corresponds the
peak of the ASM’s force-length relationship (Pratusevich et al., 1995).
We oriented the ultrasound transducer parallel to the long axis such that the
majority of the displacement during inflation and narrowing was in the direction of
ultrasound propagation. However, over the large range of PTM examined, some out of
plane tissue motion occurred. The focus of our transducer in the out of plane direction
was at a depth of 6 mm. We found that positioning the top edge of the airway at
a depth slightly below this focus resulted in the best results by capturing a slightly
thicker slice without compromising resolution. To further address this limitation, this
method can be extended naturally to three dimensions in order to track out of plane
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motion while also enforcing tissue incompressibility (Richards et al., 2009).
Finally, while the stiffness of the material can be inferred from strains maps (i.e.,
Figure 5·5), solving the inverse problem with proper boundary conditions and consti-
tutive model is thought to yield more meaningful and accurate results (Barbone and
Bamber, 2002). In chapter 6, we formulate and solve of this inverse problem in order
to reconstruct the distribution of material parameters throughout the airway wall.
118
Chapter 6
Reconstruction of the Spatial
Distribution of Nonlinear
Mechanical Properties throughout
an Airway Wall by Formulating
and Solving an Inverse Elasticity
Problem
6.1 Introduction
In chapter 5, we optimized a method to estimate the distribution of displacements
throughout a 2D slice of an intact airway wall. This analysis gave insight into the
magnitude of stretch experiences by different components of an airway wall during
breathing as well as the dynamics of airway constrictions. From these estimated
displacements, strain images were then calculated and interpreted as the reciprocal
of the stiffness of the tissue (Ophir et al., 1991; Garra et al., 1997; Ophir et al.,
2002). However, while strain is related to the mechanical properties of a material, the
relationship is usually not straightforward (Barbone and Bamber, 2002). In fact, it is
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possible to have the same strain field result from two distinct modulus distributions
(Barbone and Bamber, 2002). Therefore, the goal of this Chapter is to use the
displacements estimated in chapter 5 as an input to an inverse problem in order to
reconstruct the distribution of nonlinear material properties throughout an airway
wall. This distribution is then correlated with histology, allowing for the estimation
of the stiffness of individual components of the airway wall.
For an incompressible, linear elastic material, the solution to the inverse problem
is nonunique if only a single displacement field is known (Barbone and Gokhale,
2004). If two, independent displacement fields are measured, it is possible to obtain
a unique solution of the shear modulus, µ, if the value of µ is known at only four
data points (Barbone and Gokhale, 2004). However, measuring two, independent
displacement fields in our geometry is not practical. To avoid these assumptions,
we assumed the material properties of the airway wall to be axisymmetric about
its longitudinal axis by mapping our two-dimensional displacements onto a small
three-dimensional wedge of a cylinder. We modeled the airway wall as a nonlinear
hyperelastic material in order to distinguish the different airway components based on
their nonlinear material properties. Because we measured the large strains the airway
wall experiences during DI in chapter 5, we expect to have sufficient information to
unambiguously determine the distribution of nonlinear material parameters.
6.1.1 Linear Elastic Solution for Thick Walled Cylinder
To better understand the expected distribution of displacements throughout an air-
way wall and the implications of simplifying assumptions, we first derived the analyt-
ical solution for a linearly elastic, homogeneous thick-walled cylinder with pressure
boundary conditions. We then extend this derivation to a two-layer cylinder and
finally we derive the solution for a nonlinear elastic material.
Figure 6·1 depicts a cylinder with a homogeneous Young’s modulus, E, constant
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Poisson’s ratio, ν, and inner and outer radii, r1 and r2, respectively. The cylinder is
loaded with pressures inside and outside the cylinder, pin and pout, respectively.
Figure 6·1: Compressible thick walled cylinder with a homogeneous
Young’s modulus, E, constant Poisson’s ratio, ν, and inner and outer
radii, r1 and r2, respectively. The cylinder is loaded with pressures
inside and outside the cylinder, pin and pout, respectively.
Equilibrium
The radial equilibrium over a small sector element (Figure 6·2), dθ, with inner radius
r and outer radius by r+ dr, of a cylinder where the radial stress increasing over the
element thickness from σrr to σrr + dσrr is given as:
(σrr + dσrr)(r + dr) dθ = σrrr dθ + σθ dθ dr. (6.1)
Ignoring second order terms gives:
∂σrr
∂r
+
σrr − σθθ
r
= 0. (6.2)
The generalized Hooke’s law for polar coordinates gives the constitutive equation be-
tween stress and strain in the radial (σr, εr), circumferential (σθ, εθ), and longitudinal
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Figure 6·2: Schematic of stresses on a small sector element of a cylin-
der.
directions (σz, εz):
εr =
1
E
(σr − ν(σθ + σz)) (6.3)
εθ =
1
E
(σθ − ν(σr + σz)) (6.4)
εz =
1
E
(σz − ν(σr + σθ)). (6.5)
Assuming the displacement in the cylinder, ur, is only in the radial direction, the
strain in the radial and circumferential directions, respectively, are:
εr = =
u+ du− u
dr
=
dur
dr
(6.6)
εθ =
(r + u) dθ − r dθ
r dθ
=
ur
r
. (6.7)
Since the pressure loading is radial, we assume that σrθ = σrz = σθz = σzz. With
this assumption and solving for the stresses, gives:
σr =
E
1− ν2
(
du
dr
+ ν
u
r
)
(6.8)
σθ =
E
1− ν2
(
u
r
+ ν
du
dr
)
. (6.9)
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Substituting Equation 6.8 and Equation 6.9 and simplifying gives:
d2u
dr2
+
1
r
du
dr
− u
r2
= 0 (6.10)
d
dr
(
1
r
d
dr
(ru)
)
= 0. (6.11)
Integrating twice yields:
u = C1 +
C2
r
. (6.12)
Substituting Equation 6.12 into Equation 6.8 and Equation 6.7 yields:
σr =
E
1− νC1 −
E
1 + ν
C2
r2
(6.13)
σθ =
E
1− νC1 +
E
1 + ν
C2
r2
. (6.14)
We define the constants A and B as:
A =
E
1− νC1 (6.15)
B =
E
1 + ν
C2. (6.16)
We then arrive at the Lame´ equations which express the stresses in the cylinder as a
function of radius:
σr =A− B
r2
(6.17)
σθ =A+
B
r2
. (6.18)
Applying the boundary conditions, σr = −pin at r = r1 and σr = −pout at r = r2:
A =
pinr
2
1 − poutr22
r22 − r21
(6.19)
B =
(pin − pout)r21r22
r22 − r21
. (6.20)
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Note that pin and pout are considered a negative radial stresses because they produce
radial compression.
For a thin-walled cylinder (i.e., r1/(r2 − r1)  1), these equations reduce to
Laplace’s Law:
σθθ =
(pin − pout)r1
(r2 − r1) . (6.21)
Plane Stress
In the plane stress case, we assume the stress out of the plane is zero (i.e., σz = 0). By
combining equations (6.7) and (6.17) to (6.20) we solve for the radial displacement,
ur, as a function of r:
ur =
r
E(r22 − r21)
(
(pinr
2
1 − poutr22)(1− ν) +
(pin − pout)r21r22(1 + ν)
r2
)
. (6.22)
For incompressible materials (ν = 0.5) with internal pressure only (pout = 0), Equa-
tion 6.22 reduces to:
ur =
r
2E(r22 − r21)
(
pinr
2
1 +
3pinr
2
1r
2
2
r2
)
. (6.23)
Plane Strain
In the plane strain case, we assume the strain out of the plane is zero (i.e., εz = 0).
Eliminating σz in equations (6.3) to (6.5), gives:
εr =
1 + ν
E
((1− ν)σr − νσθ) (6.24)
εθ =
1 + ν
E
((1− ν)σθ − νσr) . (6.25)
By combining equations (6.7), (6.17) to (6.20) and (6.25), we can solve for the
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radial displacement as a function of r:
ur =
r
E(r22 − r21)
(
(pinr
2
1 − poutr22)(1 + ν)(1− 2ν) +
(pin − pout)r21r22(1 + ν)
r2
)
.
(6.26)
For incompressible materials (ν = 0.5) with internal pressure only (pout = 0), Equa-
tion 6.26 reduces to:
ur =
3pinr
2
1r
2
2
2E(r22 − r21)r
. (6.27)
6.1.2 Two Layer Cylinder
To gain a better understanding of how material inhomogeneity affects the distribution
of displacements, we next analyzed a simple two layered, circumferentially symmetric
cylinder shown in Figure 6·3.
Figure 6·3: Cylinder with N layers.
The inner layer has Young’s modulus E1 and extends from r1 to r2 while the
outer layer has Young’s modulus E2 and extends from r2 to r3. We assume that both
layers are incompressible (ν = 0.5). A known pressure of pin and pout is applied to
the inner and outer boundaries, respectively. The resultant pressure exerted between
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the two layers is denoted pmid. To find pmid, we start with the assumptions that the
displacement must match at the boundary between the layers:
u1r|r=r2 = u2r|r=r2 . (6.28)
6.1.3 Plane Strain
The distribution of displacements for a homogeneous cylinder under the plane strain
incompressible assumption is given in Equation 6.27.
u1r =
3(pin−pmid)r21r22
2E1(r22−r21)r
r1 < r ≤ r2
u2r =
3(pmid−pout)r22r23
2E2(r23−r22)r
r2 < r ≤ r3.
(6.29)
Substituting Equation 6.29 into Equation 6.28 gives:
ur|r=r2 =
(pin − pmid) r21r22
E1 (r22 − r21) r2
=
(pmid − pout) r22r23
E2 (r23 − r22) r2
. (6.30)
Combining (6.29) and (6.30), we see:
u1r = u
2
r =
C
r
. (6.31)
where:
C =
3 (pi − pi+1) r2i r2i+1
2Ei
(
r2i+1 − r2i
) . (6.32)
Importantly, this implies that under the plane strain, incompressible assumption,
the displacement ur has no dependent on the distribution of E. More succinctly,
this result extends from the combination of the assumption that the only non-zero
displacement is ur and that this displacement is only a function of r combined with
the incompressibility assumption (i.e., ∇ · u = 0). Taken together, we see that ur
must only depend on a constant (C) and 1/r (Equation 6.31). Since our measured
displacement fields from chapter 5 vary as a function of both r and longitudinal
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position, z, our reconstructions of material properties of airways in this Chapter will
not suffer from this drawback.
Next, we can now calculate the pressure between the layers, pmid:
pmid =
pin
[
r21
E1(r22−r21)
]
+ pout
[
r23
E1(r23−r22)
]
r23
E2(r23−r22)
+
r21
E1(r22−r21)
. (6.33)
An equivalent stiffness of a homogeneous cylinder, Eeq, can also be calculated. At
r = r2:
ur|r=r2 =
3 (pin − pout) r21r23
2Eeq (r23 − r21) r2
=
3 (pin − p2) r21r22
2E1 (r22 − r21) r2
=
3 (p2 − pout) r22r23
2E2 (r23 − r22) r2
. (6.34)
Therefore,
Eeq =
(pin − pout) (r22 − r21) r23
(pin − p2) (r23 − r21) r22
E1. (6.35)
6.1.4 Nonlinear, Thick-Walled Cylinder
In this section, we extend this analysis to a nonlinear, thick-walled cylinder. Figure 6·4
depicts a homogeneous, thick-walled cylinder with nonlinear elastic properties before
(left) and after (right) a deformation due to a change in pressure. The undeformed
inner and outer radii, A and B, respectively, become a and b, respectively, in the
deformed state.
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Figure 6·4: Schematic of a nonlinear cylinder before (left) and after
(right) a deformation due to a change in pressure.
Kinematics
Assusing an isochoric deformation, the longitundial stretch ratio, λz, can be related
to the deformed and undeformed lengths and inner and outer radii as:
λz =
l
L
=
R2 − A2
r2 − a2 =
B2 − A2
b2 − a2 . (6.36)
We then define the stretch ratio in the circumferential direction, λθ as:
Let: λθ ≡ λ = 2pir
2piR
=
r
R
. (6.37)
The product of the stretch ratios much equal unity λrλzλθ = 1 and the stretch ratio
in the radial direction is:
λr =
dr
dR
= (λλz)
−1. (6.38)
128
Constitutive Equations
For a nonlinear material, the Cauchy stresses, σa, is related to the strain energy
function, W , and λa as:
σa = −p+ λa∂W
∂λa
. (6.39)
for each direction, a (i.e., θ, r, and z).
For this analysis, we assume a Neo-Hookean material which is described by the
following strain energy density function:
W =
µ
2
(I1 − 3) = µ
2
(λ21 + λ
2
2 + λ
2
3 − 3). (6.40)
Substituting Equation 6.40 into Equation 6.39 gives:
σa =− p+ µλ2a (6.41)
σrr =− p+ µλ2r = −p+ µ(λλz)−2 (6.42)
σθθ =− p+ µλ2. (6.43)
6.1.5 Equilibrium
We again start with an expression of radial equilibrium from Equation 6.2:
∂σrr
∂r
+
σrr − σθθ
r
= 0. (6.44)
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Substituting Equation 6.42 and Equation 6.43 and integrating over the thickness of
the deformed wall from a to b yields:
b∫
a
(
∂σrr
∂r
+
σrr − σθθ
r
)
dr =0 (6.45)
σrr|b − σrr|a + µ
b∫
a
(
(λλz)
−2 − λ2
r
)
dr =0. (6.46)
We then substitute the pressure boundary conditions and simplify using Equation 6.36:
− Pout − (−Pin) + µ
b∫
a
(
R2
r3λ2z
− r
R2
)
dr = 0 (6.47)
∆P =Pin − Pout = −µ
b∫
a
(
A2 + λz(r
2 − a2)
r3λ2z
+
−r
A2 + λz(r2 − a2)
)
dr (6.48)
=− µ
b∫
a
(
A2 − a2λz
λ2zr
3
+
1
λzr
+
−r
A2 + λz(r2 − a2)
)
dr. (6.49)
Performing the integration and simplifying, we arrive at:
=− µ
(
a2λz − A2
2λ2zr
2
+
1
λz
ln r − 1
2λz
ln (A2 + λz(r
2 − a2))
)
|ba (6.50)
=− µ
λz
(
a2λz − A2
2λz
(
1
b2
− 1
a2
)
+ ln
b
a
− 1
2
ln
(
A2 + λz(b
2 − a2)
A2
))
. (6.51)
Finally, we use Equation 6.36 to remove b which results in an implicit function for a
and ∆P with all other quantities known:
∆P =
µ
λz
(
(a2λz − A2)(A2 −B2)
2λ2za
2(a2 + (B2 − A2)λ−1z )
+ ln
(√
a2 + (B2 − A2)λ−1z
a
)
− ln B
A
)
.
(6.52)
Equation 6.52 cannot be solved explicitly for a as a function of ∆P , so we numerically
solve for a for a given ∆P . We can then determine the radial displacement throughout
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the thickness of the airway wall, ur, as:
ur = r −R =
√
a2 +
(R2 − A2)
λz
−R. (6.53)
The above analyses led us to implementing an axisymmetric assumption and mod-
eling the airway wall as a nonlinear elastic material and provided a method to verify
our finite element results. Next, we formulate and solve the forward and inverse elas-
tic problems in order to reconstruct the material property distributions throughout
an airway wall
6.2 Methods
6.2.1 Forward Elasticity Problem
Finite strain theory is used to study arbitrarily large deformations, as is the case in our
airway wall. Two coordinate systems are defined, one used to define the undeformed
state (i.e., reference configuration, Ω) and the other used to define the deformed state
(i.e., current configuration, ω) (Figure 6·5). The coordinates relative to the refer-
ence configuration are called material coordinate, X, or Lagrangian description of
displacement. Coordinates relative to the current configuration are known as spatial
coordinates, x, or the Eulerian description of displacement. Variables corresponding
to the material coordinates are represented as capital letters while spatial coordinate
variable are lower case. The deformation field, χ, maps every point in the reference
configuration to a point in the current configuration (x = χ(X)), and the deforma-
tion gradient tensor, F , is defined as the gradient of χ with respect to the material
coordinates (F = ∇χ(X)). The displacement field is determined as U = χ−X.
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Figure 6·5: Schematic of a finite deformation from the reference con-
figuration, Ω, to the current configuration, ω. The boundaries of the
reference and current configuration are Γ and γ, respectively. The de-
formation field, χ, maps every point in the reference configuration to a
point in the current configuration (x = χ(X))
We first define the strong form of the forward problem. Formally, the forward
problem is: find the displacement field U and pressure P such that:
∇ · (FS) = 0 in Ω (6.54)
U = G on ΓG (6.55)
PN = T on ΓT (6.56)
σn = −pfn on γp (6.57)
where Equation 6.54 is a statement of conservation of linear momentum. Equa-
tion 6.55 and Equation 6.56 define the Dirichlet and Neumann boundary conditions,
respectively, where displacement data, G, is prescribed on ΓG and traction data, T , is
prescribed on ΓT . Equation 6.57 defines the pressure boundary condition where the
fluid pressure, pf , is specified on γp on the current configuration boundary. σ is the
Cauchy stress in the deformed configuration and n is the unit outward normal vector
along the current boundary. Typically, traction boundary conditions are specified in
the reference configuration. In this case, however, the pressure boundary condition
must be applied to the current configuration since the direction of the normal vector
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changes as the material is loaded. Equation 6.57 can be transformed to the second
Piola-Kirchhoff stress tensor, S, in the reference configuration as:
− JF−1PfF−TN on ΓP . (6.58)
Displacement, traction, or pressure boundary conditions must be specified on the
entire boundary, Γ (i.e., Γ = ΓG ∪ ΓT ∪ ΓP and ΓG ∩ΓT ∩ΓP = ∅). Incompressibility
is enforced by the following constraint:
J = detF = 1 in Ω (6.59)
where J is the Jacobian. The second Piola-Kirchhoff stress tensor in an incompressible
elastic solid may be written in terms of the deformation as:
S = −PJC−1 + 2∂W
∂C
. (6.60)
Here, W is the strain energy density function, and C is the right Cauchy-Green strain
tensor (C = F TF ).
Airway Boundary Conditions
Figure 6·6 schematically depicts the boundary conditions imposed on the boundaries
of a wedge of an airway wall (see subsection 6.2.4 for details on the geometry). The
fluid pressure boundary condition was imposed normal to the surface of the luminal
wall. A homogeneous Neumann (i.e., traction and pressure free) boundary condition
was imposed on the outer wall. The proximal and distal ends of the airway wall were
constrained in the longitudinal (z) direction. The boundary conditions on the front
and back faces of the airway wall were implemented using spring boundary elements
which allow for the approximate implementation of Dirichlet boundary condition in
a direction that is not parallel to one of the coordinate axes. The strength of the
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spring in each direction is determined by a spring tensor, K. The values of K were
chosen such that in the direction normal to the front and back faces, a relatively
strong spring constant (knormal) was used, thus preventing normal displacement. In
the other directions, a zero spring constant was chosen, thus providing a zero shear
boundary condition. For sufficiently large spring constants, displacements estimated
in the forward solves were insensitive to the precise value of spring constants within
a relatively large range.
Figure 6·6: Schematic of boundary conditions imposed on the airway
wall wedge. A pressure boundary is applied normal to the luminal
edge, the proximal and distal ends are constraints in the longitudinal
direction (b), and displacements normal to the left and right edges are
constrained (c).
6.2.2 Modified Blatz Strain Energy Density Function
In order to estimate the distribution of material properties, we must select a math-
ematical description of the tissue deformation. We chose to model the airway wall
as a nonlinear, incompressible material using a modified Blatz strain energy function
(Blatz, 1969; Goenezen et al., 2011):
W =
µ0
2γ
(
eγ(J
(−2/3)I1−3) − 1
)
(6.61)
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where µ0 is the shear modulus at zero strain and γ is the nonlinear parameter which
controls the exponential stiffening independent of µ0. The J
(−2/3)I1 term leads to
a purely deviatoric (i.e., shape change) Cauchy stress contribution of I1, the con-
ventional first principal invariant where I1 = trace(C) = λ
2
x + λ
2
y + λ
2
z. This strain
energy function was chosen because it can model the exponential stiffening observed
in the airway wall tissue, and it has only two parameters which have clear physical
interpretations.
To better understand the parameters µ0, and γ, we examine the simple case of
uniaxial tension. The following relationship between the axial component of the
Cauchy stress, σ and the axial stretch ratio can be derived (Hall et al., 2011):
σ = µ0
(
λ2 − 1
λ
)(
eγ(λ
2+ 2
λ
−3)
)
. (6.62)
When ε 1, this simplifies to:
σ = 3µ0εe
3γε2 (6.63)
where ε = λ − 1. Note that for small strains, σ is independent of γ and µ0 can be
determined as if the material is linear elastic. Figure 6·7 shows the stress-stretch
relationship of a modified Blatz material under uniaxial tension. µ0 is set equal to
1 while the different curves represent values of γ from 1 to 5. Note that the curve
is linear near λ = 1 and becomes increasingly nonlinear with increasing stretch and
increasing γ.
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Figure 6·7: Cauchy stress, σ, as function of stretch, λ, for a modified
Blatz material under uniaxial tension with µ0 = 1 and γ varying from
1 to 9.
6.2.3 Inverse Problem Statement
We now define the inverse problem statement in which we use our measured displace-
ment fields as an input to estimate the material parameter distribution. Because we
are using a nonlinear model, more than one displacement fields measured at different
strains are necessary. Formally, the inverse problem can be written as: given nm
displacement fields, U1m, . . . , U
nm
m , find the spatial distributions of material properties
µ0(X) and γ(X) by minimizing the objective function (Gokhale et al., 2008):
Π =
1
2
nm∑
n=1
wn‖T (Un − Unm) ‖20 +
αµ0
2
R(µ0) +
αγ
2
R(γ) (6.64)
The first term in Equation 6.64 minimizes the difference between the measured dis-
placement fields and the predicted displacements fields. T is a tensor which weights
the different displacement components. ‖ · ‖ specifies the L2 norm and wn specifies
the contributions of each measurement field to the objection function. These weights
allow for small and large displacement fields to contribute equally by setting them
to be inversely proportional to magnitude of each displacement field relative to the
others.
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The second and third terms in Equation 6.64 represent the regularization terms
for the µ0 and γ parameters, respectively, with strengths determined by αγ and αµ0 ,
respectively. A total variation diminishing (TVD) regularization was used which pe-
nalizes oscillations in the solution (i.e., ensures smoothness in the solution) without
penalizing large gradients in the reconstruction. Therefore, discontinues in the ma-
terial parameters can still be captured. The regularization for the µ0 and γ was
implemented as:
Rµ0 =αµ0
∫
Ω
√
∇µ0 · ∇µ0 +
(µref
h
β
)2
dΩ (6.65)
Rγ =αγ
∫
Ω
√
∇γ · ∇γ +
(µref
h
β
)2
dΩ (6.66)
Here, µref is a reference µ0 (1 kPa), h is a characteristic element size (0.3 mm), and β
is small scalar which ensures the continuity of regularization at ∇µ0 = 0 and ∇γ = 0.
µref
h
β was set equal to 10−4.
In practice, Equation 6.64 is minimized iteratively using a quasi-Newton method
under the constraint that the predicted displacement fields satisfy the forward prob-
lem (Goenezen et al., 2011). Specifically, the predicted displacement fields, Un, based
on the current guess of the modulus distributions, must satisfy Equations (6.54)
to (6.56), (6.58) and (6.59). The limited-memory Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm was used and gradients were evaluated using the adjoint equations
(Oberai et al., 2003; Oberai et al., 2004).
Reconstructions of the µ0 and γ distributions were performed sequentially (Goenezen
et al., 2011). First, we used measurements from deformations which resulted in small
strains (i.e., PTM = 0 to 1 cmH2O) to estimate the distribution of µ0 while holding γ
constant at a small value. We then fixed the previously computed µ0 distribution and
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performed a reconstruction to find γ using one or more displacement fields measured
at large strains (i.e., PTM = 0 to 15 cmH2O). This sequential method is effective
because small strain deformations are independent of the γ distribution.
6.2.4 Axisymmetric Assumption Implementation
The measured displacements fields in chapter 5 are a two dimensional slice of the
airway wall. In two-dimensional analyzes, either a plane strain or plane stress as-
sumption is necessary. We showed in subsection 6.1.3 that under the plane strain,
incompressible assumption, the distribution of displacements is independent of the
distribution of material parameters. Further, plane stress is also a poor assumption
given our geometry and loading conditions. In lieu of these assumptions, we assumed
the material properties were axisymmetric about the longitudinal axis of the airway.
To enforce this condition, we mapped our two-dimensional measured displacements
onto a three dimension wedge of a cylinder:
ux =ur cos
(
θ
2
)
(6.67)
uy =ur sin
(
θ
2
)
(6.68)
where θ is the central angle between the two slices of the wedge, ur, is the axial
measured in the two dimensional ultrasound data, and ux and uy are the displace-
ment are the x and y displacements relative to the wedge coordinate system. Due
to the poor resolution in the direction perpendicular to the direction of ultrasound
propagation, the displacement in that direction (i.e., uz) where not weighted in the
objective function while ux and uy were weighted equally. In other words, Txx = Tyy
were set to 1 and all other components were set to 0.
To form the three dimensional wedge, each of the nodes finite element mesh used
for the image registration were connected to their corresponding node on the opposite
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slice, resulting in N hexahedron, where N is the number of elements in the image
registration finite element mesh. Each hexahedron was then divided into tetrahedra
using the method described by Dompierre et al. which ensures conformity of the
mesh (Dompierre et al., 1999) (Figure 6·8).
Figure 6·8: Transformation of two dimensional displacement field onto
a three dimensional wedge of a cylinder.
6.2.5 In Silico Airway
To verify this method of reconstructing mechanical properties from measured dis-
placement fields, a computational model airway was studied. In this test, a model
with known distribution of mechanical properties (i.e., µ0 and γ) was generated to
grossly mimic the properties of airway wall, as shown in Figure 6·9. The airway’s µ0
(in kPa) distribution Figure 6·9a is homogeneous with three linear elastic stiff inclu-
sion. These inclusions simulate the cartilage plates embedded within an airway wall.
The nonlinear parameter, γ Figure 6·9b, is homogeneous with two highly nonlinear
inclusions, which could simulate collagen recruitment in these areas. This model was
not intended to precisely imitate the material properties of an airway but rather was
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a way to test and validate our methods using a similar geometry.
(a) (b)
(c)
Figure 6·9: In silico airway used to validate our method. The airway’s
µ0 (in kPa) distribution (a) is homogeneous with three linear elastic
stiff inclusion. The nonlinear parameter, γ (b), is homogeneous with
two nonlinear inclusions, simulating cartilage plates. The analysis was
performed on a small wedge (c) since the airway wall was assumed to
be axisymmetric about the longitudinal axis.
6.2.6 Modulus Reconstructions of Isolated Airway Segments
Once our method was validated with the in silico airway, the spatial distributions of
material parameters throughout an airway wall were estimated. The same method as
with in silico airway was followed with measured displacement fields from chapter 5
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used as the input for the inverse problem in place of the forward solve displacements.
To calculate the distribution of µ0, we used Lagrangian displacement due to a small
change in PTM from 0 to 5 cmH2O. We then µ0 fixed at this distribution and esti-
mated the γ distribution using the large Lagrangian displacement field from 0 to 15
cmH2O. The material parameter distributions were calculated for both the relaxed
and constricted airway and the results were compared.
6.2.7 Correlation with Histology
As described in subsection 5.2.3, samples along the length of the airway were fixed,
sectioned, and stained with Movat’s pentachrome at the conclusion of the experiment.
The stained slides were imaged with an inverted light microscope (Nikon, Eclipse
TS100). The mechanical property distributions were then correlated to the different
components of the airway wall.
6.3 Results
6.3.1 In Silico Airway
The boundary conditions described in section 6.2.1 were imposed on the in silico air-
way and a forward problem was solved to calculate the displacements based on the
given moduli distributions. The displacements calculated from the forward problem
were then treated as the measured displacements which would normally be estimated
using the methods outlined in chapter 5. We used these displacements as an in-
put for the inverse problem in order to recapture the known distribution of material
properties. Reconstructions were performed with increasing levels of additive white
Gaussian noise added to the measured displacements to simulate measurement noise
to determine the upper limit of acceptable noise in our measurement data. Fig-
ures 6·10a and 6·10b show the predicted displacements from the forward solve for our
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model airway with pressure boundary condition of 1 and 25 cmH2O applied to the
luminal edge, respectively. Figures 6·10c and 6·10d show these same displacement
fields with 3% white Gaussian noise added.
(a) 1 cmH2O (b) 25 cmH2O
(c) 1 cmH2O (3% Noise) (d) 25 cmH2O (3% Noise)
Figure 6·10: Displacements predicted from the forward solve of our
model airway for a pressure boundary condition of 1 (a) and 25 (b)
cmH2O applied to the luminal edge, respectively. (c) and (d) show
these same displacement fields with 3% white Gaussian noise added.
Figure 6·11 shows the PTM-diameter relationship for the model airway based on
the solutions from the forward solves.
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Figure 6·11: PTM-diameter relationship for our nonlinear model air-
way.
The parameters used for the optimization are listed in Table 6.1. µi0 and γ
i are
the homogeneous initial guesses used when solving for the distributions of µ0 and γ,
respectively.
Table 6.1: Parameter values used in the modulus reconstructions of
our in silico model airway.
Parameter Value
µi0 1 kPa
γi 5
αµ0 10
−7
αγ 10
−6
knormal 10
3
niter 250
Figures 6·12a to 6·12c shows the reconstructed µ0 (in kPa) distributions for 0%,
1%, and 3% noise, respectively, added to the displacement fields to mimic measure-
ment noise, while figures 6·12d to 6·12f, show the reconstructed γ distributions for
the same levels of noise.
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(a) 0% Noise (b) 1% Noise (c) 3% Noise
(d) 0% Noise (e) 1% Noise (f) 3% Noise
Figure 6·12: Reconstructed µ0 (a-c, in kPa) and γ (d-f) distributions
of model airway with various levels of noise added to the displacement
fields to mimic measurement noise.
6.3.2 Modulus Reconstructions of Intact Airway Segments
Reconstruction of the linear material parameter, µ0, were first performed using single
displacements fields estimated in chapter 5 over the linear range of PTM (i.e., 0 to 5
cmH2O). The parameters used for optimizations are listed in Table 6.2.
Table 6.2: Parameter values used in the modulus reconstructions of
the intact airway segments.
Parameter Value
µi0 0.6 kPa
γi 5
αµ0 1.0× 10−5 - 3.2× 10−5
αγ 3.2× 10−3
knormal 10
5
niter 250
Figure 6·13, left, shows the measurement radial displacement fields due to an
increase in PTM from 0 to 1 Figure 6·13a, 0 to 2 (Figure 6·13d), 0 to 3 (Figure 6·13g),
0 to 4 (Figure 6·13j), and 0 to 5 cmH2O (Figure 6·13m) which were calculated in
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chapter 5. The corresponding radial strains for each displacement field are shown
in the middle column in figures 6·13b, 6·13e, 6·13h, 6·13k and 6·13n, respectively.
Based on these displacement fields, the estimated distributions of µ0 are displayed in
the right column in figures 6·13c, 6·13f, 6·13i, 6·13l and 6·13o, respectively. For these
reconstructions, γ was homogeneous and held fixed at 0.01. The displacement, strain,
and µ0 fields are consistent over this range of PTM and the recovered µ0 distributions
are consistent with the radial strain fields.
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
(m) (n) (o)
Figure 6·13: Radial displacement fields (left), radial strain fields (cen-
ter), and linear shear modulus (right) for the relaxed airways calculated
using single displacement fields resulting from a change in PTM from
0 to 1 (a-c), 0 to 2 (d-f), 0 to 3 (g-i), 0 to 4 (j-l), and 0 to 5 cmH2O
(m-o).
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Figure 6·15 shows that the predicted displacements (Figure 6·14b), based on the
reconstructed modulus distribution in Figure 6·13i, match the measured displace-
ments (Figure 6·14a) well for an increase in PTM from 0 to 3 cmH2O. The percent dif-
ference between the measured and predicted displacements is shown in Figure 6·14c),
with the largest discrepancies occurring near the inner and outer boundaries of the
airway wall.
(a) (b) (c)
Figure 6·14: Comparison of measured (a) and predicted (b) displace-
ments based on the reconstructed distribution of µ0 based on a change
in PTM from 0 to 3 cmH2O for the relaxed airway. (c) Percent difference
between the measured and predicted displacement fields.
As a consistency check, the displacements and linear modulus distributions for a
change in PTM from 0 to -2 cmH2O were compared to a change in PTM from 0 to 2
cmH2O. Figures 6·15a and 6·15c compare the measured displacements for a change
in PTM from 0 to 2 cmH2O and 0 to -2 cmH2O, respectively. The corresponding
reconstructed linear modulus distributions are compared in figures 6·15b and 6·15d.
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(a) (b)
(c) (d)
Figure 6·15: Left: Comparison of the measured displacement data for
a change in PTM from 0 to 2 cmH2O (a) and 0 to -2 cmH2O (c). The
opposite of the displacements for the 0 to -2 cmH2O are displayed so
they can be directly compared to the results in (a). Right: Comparison
of the estimated µ0 distributions based on the meaasured displacements
resulting from a changes in PTM from 0 to 2 cmH2O (c) and for 0 to -2
cmH2O (d) of the relaxed airway.
Multiple displacement fields can be inputted into the objective function in Equa-
tion 6.64 when solving for the material property distribution in order to increase the
SNR of our modulus distributions. First, the linear elastic modulus, µ0, is estimated
using small deformation fields due to an increase in PTM from 0 to 2 (Figure 6·13d),
0 to 3 (Figure 6·13g), and 0 to 4 cmHtwoO (Figure 6·13j). For this reconstruction,
γ was homogeneous and held fixed at 0.01. The final reconstruction of µ0 is shown
in Figure 6·16a. Next, the nonlinear parameter, γ, distribution was estimated using
two large deformation field from 0 to 10 and 0 to 15 cmH2O and fixing the µ0 distri-
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bution to the one shown in Figure 6·16a. The final reconstruction of γ is shown in
Figure 6·16b. The material properties were constrained to 0.05 ≤ µ0 ≤ 20.1 kPa and
0 ≤ γ ≤ 20 in the optimization.
(a) (b)
Figure 6·16: (a) Reconstructed linear shear modulus, µ0, distribution
calculated using measured displacement resulting from an increase in
PTM from 0 to 2, 0 to 3, and 0 to 4 cmH2O. (b) Reconstructed nonlinear
parameter, γ, calculated by fixing µ0 to the distribution shown in (a)
and inputing displacements fields resulting from an increased in PTM
from 0 to 10 and 0 to 15 cmH2O.
The mean µ0 of the distribution is 0.9 kPa which matches well with Equation 5.21.
The mean γ is 1.0. Note there is a region of low µ0 (i.e., compliant) in the middle
layer of the airway which corresponds to the region of high strain. The region closest
to the lumen (i.e., epithelium and lamina propria) also has a high compliance while
the region just above the lamina propria (i.e., the ASM layer) has a higher stiffer.
Finally, linear modulus reconstructions were performed for the airway after con-
striction with ACh (10−3 m) for measured displacements due to an increase in PTM
from 0 to 5, 0 to 10, and 0 to 15 cmH2O. Results are presented in the same fash-
ion as Figure 6·13, with displacements in figures 6·17a, 6·17d and 6·17g), strains in
figures 6·17b, 6·17e and 6·17h, and material parameter distributions in figures 6·17c,
6·17f and 6·17i.
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Figure 6·17: Radial displacement fields (left), radial strain fields (cen-
ter), and linear shear modulus (right) for the constricted airways cal-
culated using single displacement fields resulting from a change in PTM
from 0 to 5 (a-c), 0 to 10 (d-f), and 0 to 15 cmH2O (g-i).
Note that since the constricted airway wall behaves nearly linearly over the phys-
iological range of PTM (see Figure 5·3b), the pattern and magnitudes of the linear
modulus distributions are consistent for the three ranges of PTM shown in figures 6·17c,
6·17f and 6·17i. Next, the measured displacements fields for 0 to 5 (Figure 6·17b), 0
to 10 (Figure 6·17d) and 0 to 15 cmH2O (Figure 6·17g) were all inputed to the opti-
mization function and the final estimate of µ0 is shown in Figure 6·18. The mean µ0
(3.4 kPa) is more than three times higher then the relaxed airway. Furthermore, the
region of the airway where the ASM is embedded (2.0 ≤ Y ≤ 2.5 mm, see Figure 6·19a
150
below) has become significantly stiffer than in the relaxed airway (Figure 6·16a). The
nonlinear parameter was not calculated for the constricted airway because it behaves
nearly linearly in the range of PTM studied.
Figure 6·18: Estimated linear modulus field of constricted airway
using three measured displacement fields due to changes in PTM from
0 to 5, 0 to 10, and 0 to 15 cmH2O.
6.3.3 Correlation with Histology
The distributions of mechanical properties were then compared to fixed sections of
the identical imaging region which were stained with Movat’s pentachrome stain.
Figure 6·19a shows the strained section airway walls where cartilage is stained green,
collagen in yellow, elastin in black, and the smooth muscle in brown. The section was
fixed under no prestress and therefore is compared to the ultrasound B-mode image
at PTM = 0 cmH2O, shown in Figure 6·19b. Automated segmentation techniques,
similar to those developed in chapter 4, were then utilized to determine the edges of
the cartilage plates and the boundaries of the airway wall in the histological sections
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and are overlaid on the stained top wall in Figure 6·19c. These edges are then overlaid
on the top wall of the B-mode ultrasound image in Figure 6·19d. Due to their high
fluid content, cartilage appears as low intensity (i.e., black) spots in the ultrasound
images. Note that some of the edges of the cartilage plates correspond with low
intensity regions of the ultrasound image and some do not. We attribute the mismatch
to artifacts created during histological processing and the difficulty in matching the
identical imaging regions.
By comparing the histology with the relaxed and constricted modulus reconstruc-
tions shown in figures 6·16 and 6·17, respectively, predictions regarding how the differ-
ent components of the airway wall contribute to the mechanical property distributions
can be made. Specifically, the highly compliant region near the lumen in both the
relaxed and constricted airway corresponds to the lamina propria which is predom-
inately elastin and internal to the ASM layer. Further, the compliant layer in the
middle of airway wall likely corresponds to a low density region of collagen between
stiff cartilage plates. In the constricted airway, the stiffness of the region where the
ASM is located is increased by more than the other regions’ tissues.
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(a) (b)
(c) (d)
Figure 6·19: (a) Airway wall sections stained with Movat’s pen-
tachrome (green: cartilage, yellow: collagen, black: elastin, brown:
smooth muscle). (b) B-mode ultrasound image of airway walls at PTM
= 0 cmH2O. (c) Top wall of stained section with detected edges of car-
tilage plates (whites) and inner and outer wall boundaries (blue) over-
laid. (d) Detected edges from histology overlaid on top wall B-mode
ultrasound image at PTM = 0 cmH2O.
6.4 Discussion
In this chapter, we formulated and solved an inverse elasticity problem to reconstruct
the distribution of nonlinear material properties throughout an airway wall. We
modeled the airway wall using the modified Blatz strain energy density function. The
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problem was formulated as a minimization problem where we find the distribution
of material parameters which results in the best matching between the measured
displacements and the predicted displacement calculated from a forward solve based
on the current guess of the modulus distributions.
We first derived the analytical solutions for linear and nonlinear elastic homo-
geneous thick-walled cylinders as well as a two-layer linear elastic cylinder. These
derivations provide insight into the expected distribution of displacements through
an airway wall when exposed to pressure boundary conditions, as well as reference
solutions to verify our finite element results. Further, we also demonstrated the im-
plications of potential simplifying assumptions and motivated our choice to use an
axisymmetric assumption and model the airway as a nonlinear material.
The displacements estimated in chapter 5 are used as an input to the inverse
problem solved in this chapter. While the strain fields we calculated in chapter 5 give
insight into relative stiffness of the components of a tissue, solving for the material
properties with appropriate boundary conditions and constitutive model yields more
meaningful and accurate results (Barbone and Bamber, 2002). To understand the
amount of noise tolerable in our measured displacements, we first verified our method
using an in silico airway model with five inclusions with different linear and nonlinear
material properties. We successfully reconstructed the material parameter distribu-
tions with up to 3% white Gaussian noise added to the measurement fields. This is
on the same order of noise expected in our measured displacements.
Figure 6·16 depicts the linear and nonlinear material property distributions for the
relaxed airway wall. Consistent with the radial strain fields, the material properties
varied significantly in both the longitudinal and radial directions. Specifically, we
found a highly compliant regions of the airway wall near the middle layer of the wall
surrounded by stiffer areas as well as a highly compliant layer near the lumen. By
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comparing our results to stained histological sections, it appears that these high com-
pliance regions are located between the ASM layer and cartilage plates where there
is a low density region of collagen fibers. Based on this observation, we hypothesize
that the outer wall structures, such as cartilage plates, are bound to the ASM by
compliant connective tissue, thereby allowing for the sliding of cartilage plates during
inflation.
Measurements of isolated tracheal cartilage Young’s modulus vary significantly
throughout the literature, ranging from 1-20 MPa, and the measurements are age,
species, and location dependent (Murphy et al., 2012; Roberts et al., 1998; Lam-
bert et al., 2001; Trabelsi et al., 2010; Begis et al., 1988; Holzha¨user and Lambert,
2001; Rains et al., 1992). In contrast, the Young’s modulus of ASM strips is ap-
proximately 15 kPa at baseline and 30 kPa after maximum activation (Wang et al.,
2005). Direct estimation of the stiffnesses of the individual components of the airway
wall from our results is tempting but problematic. Specifically, matching the histol-
ogy section with the exact plane and imaging region is difficult and is complicated
by artifacts due to histological processing. Further, we measured displacements in a
two-dimensional image and implemented an axisymmetric assumption in calculating
the material properties. However, the cartilage plates within the three-dimensional
airway wall likely slide past each other during inflation rather than deform (Noble
et al., 2010). We therefore cannot confidently assign material properties to individual
wall components, but rather our results give insight into how the components interact
within the three-dimensional structure.
We implemented a unique wedge geometry in order to enforce an axisymmetric
assumption in lieu of a plane stress or plane strain assumption necessary in two-
dimensions. Of course the material parameters of an airway wall likely vary circum-
ferentially. It is possible for the airway wall to be globally axisymmetric without being
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axisymmetric microscopically. For example, cartilage plates might slip over each as
the airway expands (Noble et al., 2010) and therefore one plate might move into the
plane while another one moves out of the plane. To better capture the heterogene-
ity in the circumferential direction, a three-dimensional image registration technique
would need to be implemented which is beyond the scope of this Dissertation. How-
ever, since the analysis was performed on three-dimensional elements, the methods
presented in this chapter can be used directly used with full three-dimensional dis-
placements estimates.
Further, we applied a novel pressure boundary condition to the luminal bound-
ary of the airway wall. Rather than applying a traction boundary condition to the
reference configuration, this element allowed for live loading as the geometry of the
luminal wall changed during inflation. On the outer wall, a traction free boundary
condition was imposed, and spring elements were utilized on the left and right sides
of the airway wall to constrain movement normal to their faces. Finally, the proximal
and distal ends of the airway were constrained in the longitudinal direction which
mimics the experimental setup.
The techniques presented in chapters 5 and 6 represent the first time elastog-
raphy was used to estimate the strains and mechanical properties of intact airway
segments. The motivation was to gain a better understanding of the observed dis-
crepancy between results observed in isolated ASM strips and intact airway segments
explained in chapters 3 and 4. Specifically, physiological PTM oscillations are less
effective in reversing airway narrowing than would be expected based on experiments
performed on strips of ASM. Our results support our hypothesis that the constituents
of an airway wall have different linear and nonlinear mechanical properties leading
to the each component experiencing different magnitudes of strain during transmural
pressure fluctuations that mimic breathing. Therefore, the ASM might experience
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a different magnitude of strain than the other components of the wall which could
in turn contribute to the discrepancies observed between intact airway and isolated
ASM strips.
The measurements in chapters 5 and 6 were performed on a relatively large airway
(Din ≈ 10 mm) and contained many cartilage plates (Figure 6·19a). The proportion of
cartilage plates gradually decreases deeper into the lung and smaller airways contain
no cartilage. These cartilage plates are very stiff relative to other airway components
and therefore likely contribute greatly to the heterogeneous material properties and
strain fields. Due to resolution limitation of our ultrasound system, we were unable
to measure the displacements and mechanical properties in smaller airways like those
studied in chapter 4. Since these smaller airways have little or no cartilage, the strain
and material property fields would likely be more homogeneous than those calculated
for the larger airway studied here. This observation might partially explain why PTM
oscillations imposed to smaller airways were more effective at reversing narrowing
since all components, including the ASM, were strained by similar amounts. Further,
remodeling of asthmatic airway walls might contribute to increasing the heterogeneity
of the strain fields, even for smaller airways, and therefore limit the amount of strain
that can be imposed to the ASM layer during a DI. Measurements comparing the
material property distributions of healthy and asthmatic airways are necessary to
confirm this hypothesis.
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Chapter 7
Conclusions
7.1 Summary of Dissertation
In this dissertation, we aimed to gain a better understanding of the factors that con-
tribute to airway narrowing and how they might change to cause excessive narrowing
in asthmatics. We utilized a intact airway system to explore the role that the pres-
sures of breathing play in determining airway narrowing. Specifically we tested two
hypotheses. In Aims 1 and 2, we tested the hypothesis that excessive bronchocon-
striction does not result from a reduce capacity to stretch an airway during breathing
and deep inspirations. Our results support this hypothesis and suggest that there is
something fundamentally different about asthmatic airways other than a transition
of their ASM to a stiffer, “frozen” state.
To better understand the results from Aims 1 and 2, we next hypothesized that the
different constituents of an airway wall have different nonlinear mechanical properties
which leads to the each component experiencing different magnitudes of strain dur-
ing transmural pressure fluctuations that mimic breathing and deep inspirations. Our
results suggest that the displacements and mechanical properties are highly heteroge-
neous throughout the airway wall and change significantly after bronchoconstriction.
Therefore, the ASM might experience a different magnitude of strain than the other
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components of the wall which might help explain the discrepancies observed between
intact airway and isolated ASM strips experiments. In asthma, remodeling of the
airway walls might increase the heterogeneity of the strain fields and therefore limit
the amount of strain that can be imposed to the ASM layer during a DI.
Below, we enumerate the significant contributions from each of the four Aims in
the Dissertation.
Aim 1 (chapter 3) To quantify the bronchodilatory and bronchoprotective ef-
fects of dynamic transmural pressure fluctuations simulating breathing on larger intact
airway segments.
• The ability for PTM oscillations to reverse airway narrowing is proportional to
the magnitude of strain imposed to the airway wall.
• In larger airways, DI-like PTM oscillations are necessary with every breath to
achieve bronchodilation of greater than 50%.
• Imposing PTM oscillation in the more compliant region of airway’s PTM-diameter
curve by reducing the simulated FRC results in approximately double the strain
and bronchodilation.
Aim 2 (chapter 4) To compare the ability of breathing-like dynamic transmural
pressure fluctuations to reverse and prevent narrowing in smaller, more compliant
airways segments.
• Tidal-like PTM oscillations imposed nearly three times as much strain, resulting
in nearly twice as much reversal of bronchoconstriction in smaller relative to
larger intact airways.
• PTM oscillations applied before and during constriction resulted in the same
steady-state diameter as when pressure oscillations were only applied after con-
striction.
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Aim 3 (chapter 5) To optimize a finite element based image registration tech-
nique to measure the spatial distributions of displacements and strains throughout an
airway wall during breathing and bronchoconstriction.
• Spatial distributions of displacements and strain fields throughout the airway
wall during tidal breathing and DIs both before and after bronchoconstriction
were estimated. The displacement fields were heterogeneous along the length
of the airway and through the thickness of the wall, with the area closest to
the lumen displacing the most. A region of high radial strain was found in the
middle layer of the airway wall.
• Bronchoconstriction was highly heterogeneous along the length of the airway
wall.
Aim 4 (chapter 6) To formulate and solve an inverse elasticity problem to infer
the spatial distribution of nonlinear mechanical properties throughout an airway wall.
• The spatial distribution of nonlinear material parameters throughout an airway
wall were quantified and correlated with histology for the first time. The me-
chanical properties vary spatially in the radial and longitudinal directions of the
airway wall.
• The region of the airway closest to the lumen is highly compliant both before
and after activation.
• There is a compliant region near the middle layer of the airway wall which might
correspond to a low density region of collagen between cartilage plates.
• The stiffness of the region of the airway where the ASM is embedded becomes
significantly stiffer following induced narrowing.
160
7.2 Limitations
While our system is a powerful airway and tissue level assay for testing cellular based
hypotheses on the role of dynamics in mitigating airway reactivity, it has some lim-
itations. First, we have removed any forces associated with parenchymal tethering
that would apply in situ and with tidal breathing to DIs. However, this concern is
mitigated by the fact that we directly and explicitly control PTM forces. It is known
that transpulmonary pressure (PTP) oscillates between 5-10 or 5-15 cmH2O during
tidal breathing and reaching approximately 30 cmH2O during a DI. The tethers that
attach intrapulmonary airways to the parenchyma likely cause a small increase in net
PTM from that caused by PTP alone. In addition, tethering might further increase the
heterogeneity observed in the strain and material property distributions. Recent data
from Noble et al. suggest the difference between PTM and PTP may be negligible and,
more importantly, parenchymal elastic afterloads did not restrict airway narrowing
(Noble et al., 2005). There is a misconception that, in situ, airway constriction also
leads to a stiffening of the parenchymal tissue. However, the majority of the increase
in lung resistance during a challenge is due to airway resistance, not tissue resistance
(Lutchen et al., 1996).
Furthermore, the studies presented in this dissertation only focus on cholinergic
bronchoconstriction which is only one component contributing to asthma. The ex-
cised airway model does not allow us to study airway inflammation or the effects of
heterogeneous constriction throughout the lung. While we only examined the effects
of acetylcholine, we expect that similar results would be observed if similar tests were
performed using other agonists such as potassium chloride and carbachol.
In all experiments performed in this dissertation, the frequency of PTM was held
constant at 0.2 Hz which is consistent with the breathing frequency during relaxed
tidal breathing. However, respiratory rate can be highly variable and some results
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suggest that increasing the frequency of breathing can result in an increase bron-
chodilatory effect (Shen et al., 1997). This observation might explain why asthmatics
tend to increase their respiratory rate in order to help reverse a constriction.
In our system, the intact airways are fluid-filled rather than air as occurs in vivo.
In addition to being necessary to keep the airway alive, this system design allows
an easy way to control PTM and allows for the imaging of the airway walls with
ultrasound. While this design necessarily removes surface tension effects, we don’t
believe this to be a significant limitation since the magnitude is expected to be small
relative to the PTM. Additionally, during constriction, the ASM must displace the
fluid inside the airway which is expected to be greater than the force necessary to
displace air. However, it is expected that these forces are also insignificant relative
to the PTM.
The airway’s length is stretched to 110-120% of its resting length in order to mimic
longitudinal stretch of the airway during tidal breathing (Noble et al., 2005) and held
fixed throughout all of the experiments. In addition to mimicking the vivo condition,
this is necessary in order to prevent the airway from bowing outward during inflation.
This boundary condition results in a pre-stress and therefore potentially introduces
some errors when estimating the material parameters in chapter 6.
Finally, our system is only able to explore changes to the airway wall that occur
over a relative short time frame and therefore is incapable of exploring long term
remodeling processes. This Dissertation specifically focuses on the short term effects
of breathing fluctuations. However, as discussed in section 7.3, the effect of long term
and repeated bronchoconstriction is a potential intriguing extension of this work.
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7.3 Suggestions for Future Work
The experiments and results presented in this Dissertation motivate many potential
future projects to further extend our understanding of excessive airway narrowing in
asthma.
7.3.1 Human Lungs
All of the studies presented in this Dissertation were performed on airways dissected
from bovine lungs (Harvey et al., 2013; Harvey et al., 2015; Bartola´k-Suki et al., 2014).
However, human lungs have a different branching pattern than bovine lungs and their
airways have different composition and mechanical properties. In particular, the spe-
cific compliance during simulated tidal breathing (PTM oscillations of 5-10 cmH2O)
is 0.02-0.03 cmH2O in human airways (Noble et al., 2011; Noble et al., 2013), while
similar sized bovine airways have a specific compliance of 0.01 cmH2O(Harvey et al.,
2013). Human airways likely have less collagen and less ASM per unit area than
bovine areas and therefore might have a differential bronchodilatory or bronchopro-
tective effect in responsive to the same sized PTM oscillations.
Therefore, a source of viable human lungs was obtained, necessary safety proce-
dures were updated, and new laboratory equipment was acquired. Specifically, hu-
man lungs will be obtained through the International Institute for the Advancement
of Medicine (Edison, NJ), a publicly available source that provides human organs and
tissues for medical research. The tissues are recovered under sterile conditions within
0-60 min of cessation of cardiovascular circulation from organ transplant donors. The
lungs are immediately placed in Histidine-Tryptophan-Ketoglutarate Solution and
delivered to our laboratory within 12-24 hours. Pertinent medical information about
the donor is relayed to us but the donor remains anonymous and cannot be identified.
Specifically, the following medical information is relayed to us: gender, age, weight,
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height, ethnicity, cause of death, known medications, terminal medications, and a
short medical history.
The protocol for studying human lungs was approved by Boston University In-
stitutional Biosafety Committee and our lab was upgraded to Biosafety Level II to
allow for the handling of human tissue. The procedures and experiments for studying
human airways will be similar to the ones used for bovine airways, with some impor-
tant additional safety precautions. Specifically, the dissection of the intact airways
will be performed entirely in a Class II biosafety cabinet and appropriate biological
and biohazardous waste and disinfectant protocols will be followed.
We can also procure lungs from asthmatic subjects from the International In-
stitute for the Advancement of Medicine. This opens many possibilities, including
the comparison of the bronchodilatory and bronchoprotective effects of DIs in healthy
compared to asthmatic airways as well as comparing their mechanical properties using
our ultrasound elastography method described in chapters 5 and 6.
7.3.2 Effects of Long Term Exposure to Inflammatory Medi-
ators and Repeated Bronchoconstriction
The data presented in this dissertation refute the notion that a healthy airway can
transition to one that is hyperreactive simply by limiting the strain imposed to the
airway wall during breathing. Therefore, future work should focus on exploring po-
tential pathway by which a healthy airway could transition to become asthmatic.
One intriguing hypothesis is that chronic inflammatory conditions lead to hyperre-
sponsive airways through a phenomenon known as force adaptation (Bosse´ et al.,
2011; Bosse´ et al., 2010a; Bosse´ et al., 2009). In particular, Bosse´ et al. hypothe-
sized that chronic low levels of airway inflammation can lead to sustained increased
basal ASM tone, resulting in the force adaptation process and ASM that is capable of
generating increased force in response to an additional contractile stimulus. Alterna-
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tively, Grainge et al. showed that repeated bronchoconstriction with no inflammation
resulted in remodeling of the airway wall (Grainge et al., 2011). Specifically, mild
asthmatic subjects were challenged with methacholine three times over a five day
period (Grainge et al., 2011). Four days after the final challenge the airways of
these subjects had increased subepithelial collagen layer and more mucus-secreting
cells (Grainge et al., 2011). These results suggest that bronchoconstriction without
inflammation can induce airway remodeling consistent with asthmatic airways.
To these hypotheses at the level of an intact airway, our system would need to be
modified to allow for an airway to be kept viable over a period of several days. To
achieve this, the airway segments should be stored in cell culture media and placed
inside an incubator which regulates the temperature (37◦C), humidity (95%), and
CO2 (5%) levels. One potential experiment would be comparing the reactivity of
an airway segment before and after it is incubated in the inflammatory mediator,
transforming growth factor β (TGF-β). Alternatively, the effects of long term or
repeated bronchoconstriction on airway reactivity and airway remodeling could also
be tested using this system.
7.3.3 Three-Dimensional Image Registration
The methods developed in chapter 5 estimated the displacements throughout a two-
dimensional cross section of the airway wall. Of course, these displacements also likely
vary circumferentially around the wall which we are unable to fully capture using
our current method. However, our finite element image registration technique can be
naturally extended to estimate deformations on three-dimensional data. For example,
Richards et al. successfully estimated the three-dimensional displacements due to a
small compressive load applied to a tissue-mimicking phantom with a stiff inclusion
using a finite element method similar to one presented here (Richards et al., 2009).
The moduli reconstructions we performed in chapter 6 were performed on three-
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dimensional data so no changes would be necessary to estimate the three-dimensional
material properties once the three-dimensional displacements were measured.
The benefits of extending our method to three dimensions include the ability to
track motion in the elevation direction, the enforcement of tissue incompressibility in
order to improve frame to frame tracking, and the elimination of the two-dimensional
or axisymmetric simplifying assumptions in the modulus reconstructions. Expected
obstacles in the implementation include the poor resolution of ultrasound in the
elevation direction and the increased processing time.
To test the feasibility of extending our method to three dimensions, an apparatus
was developed to acquire three-dimensional ultrasound data (Figure 7·1). Specifically,
a linear actuator (Zaber Technologies, T-LA60A) with 36 µm accuracy was used to
translate the transducer in small increments across the transverse axis of the airway
and acquire ultrasound images at each longitudinal cross-section of the airway. The
two-dimensional slices were then stitched together to form a three-dimensional image
of the airway. AMatlab program was implemented which coordinated the movement
of the linear actuator and data acquisition and also allowed for the control of imaging
parameters such as the distance between slices.
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Figure 7·1: Photograph of automated three-dimensional ultrasound
acquisition setup. A linear actuator is used to translate the ultrasound
transducer in small steps in order to capture several two-dimension
slices. A Matlab program coordinates the movement of the actuator
and ultrasound data acquisition
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